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powder sintering



• sintering
• reaction bonding (Si(s) + NH3(g) � Si3N4(s) + Si(s))
• thermal spray (� thick coatings)• from powders

• from melt

• from vapour/gas (CVD, sputtering)

• from solution (sol-gel)

• from polymers

Processing technologies for ceramic materials

Advantage:
mass production
Problems:
• high temperatures (Al2O3: 2050°C; ZrO2: 2700°C)
• high volumetric shrinkage upon solidification (≈20-25%)
• large crystalline grains (� limited mechanical resistance)

Advantage:
high purity
Problems:
limited productivity (� thin coatings, 
powders, microcomponents, fibers)



Powder metallurgy

Near net-shape production of metallic components

Advantages:
• Uniform microstructure and distribution of alloying elements
• No machining
• Flexibility in component design

Disadvantages
• Porosity
• Fatigue and fracture resistance



Outline

Starting from powders: ceramic and metallic powders
- synthesis processes, challenges and issues
- powders from natural sources and wastes

Colloidal suspensions and pastes for ceramic production
- deflocculated systems: additives and stability, micro- and nano-powders
- viscous and plastic behaviour

Conventional shaping methods for powder metallurgy and ceramics; features, shapes and 
technological issues
- pressing or die-compaction; granulation
- extrusion
- slip and tape casting
- injection moulding

Innovative forming methods for ceramics and metals: additive manufacturing
- powder bed fusion, directed energy deposition, binder jetting, direct inkjet printing, fused filament 

deposition, stereolithography and two-photon polymerization

Drying and presintering processes

Innovative sintering processes



Powder preparation methods for ceramics
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described. Subsequent chapters will describe the synthesis of ceramic powders by chemical meth-
ods (Chapter  3) and the synthesis of nanosize powders (Chapter  4). In general, emphasis is placed 
on the principles of the methods and the resulting characteristics of the synthesized powders.

2.2 POWDER CHARACTERISTICS

Traditional ceramics must generally meet less speci!c property requirements than advanced ceram-
ics. They can be chemically inhomogeneous and can have complex microstructures. Unlike the case 
of advanced ceramics, chemical reaction during sintering is often a requirement. Consequently, 
the starting material for traditional ceramics often consists of a mixture of powders with a chosen 
reactivity. For example, the starting powders for an insulating porcelain can, typically, be a mix-
ture of clay (~50  wt%), feldspar (~25  wt%), and silica (~25  wt%). Fine particle size is desirable for 
good chemical reactivity, while a high packing density of the mixture serves to limit the shrinkage 
and distortion of the article during sintering. Clays form the major constituent of most traditional 
ceramics and provide the !ne particle size constituent. The packing density is typically controlled 
by the average particle size and size distribution of the powders in the starting mixture. In general, 
low-cost powder preparation methods are used for traditional ceramics.

As advanced ceramics must meet very speci!c property requirements, their chemical compo-
sition and microstructure should be well controlled. The quality of the starting powder is a key 

TABLE  2.1 
Common Powder Preparation Methods for Ceramics

Powder Preparation Method Advantages Disadvantages 

Mechanical 
Comminution Inexpensive; wide 

applicability
Limited purity; limited homogeneity; large 
particle size

High-energy ball milling Fine particle size; good for 
nonoxides; low temperature 
route

Limited purity; limited homogeneity

Chemical 
Solid-state reaction; decomposition; 
reaction between solids

Simple equipment; 
inexpensive

Agglomerated powder; limited homogeneity for 
multicomponent powders

Liquid solutions 
Precipitation; coprecipitation; 
solvent vaporization (spray drying; 
spray pyrolysis; freeze drying) 

High purity; small particle 
size; composition and 
particle size control 

Expensive; limited applicability to nonoxides

Gel routes (sol–gel; Pechini; citrate 
gel; glycine nitrate)

High purity; good 
composition control; 
chemical homogeneity

Agglomerated powder; limited control of particle 
size

Nonaqueous liquid reaction High purity; small particle 
size

Limited to nonoxides

Vapor-phase reaction 
Gas–solid reaction Inexpensive for large particle 

size
Low purity; expensive for !ne powders

Gas–liquid reaction High purity; small particle 
size

Expensive; limited applicability

Reaction between gases High purity; small particle 
size; inexpensive for oxides

Expensive for nonoxides; agglomeration often a 
problem

µm

nm



Milling or Comminution
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new surfaces, but also to produce other physical changes in the particle (e.g., inelastic deformation, 
increase in temperature, and lattice rearrangements within the particle). Changes in the chemical 
properties (especially the surface properties) can also occur, especially after prolonged milling or 
under very vigorous milling conditions. Consequently, the energy utilization of the process can be 
fairly low, ranging from < 20% for milling produced by compression forces to < 5% for milling by 
impact. Figure  2.1 summarizes the stress mechanisms and the range of particle sizes achieved with 
different types of mills.

2.4 HIGH-COMPRESSION ROLLER MILLS

In the high-compression roller mill, the material is stressed between two rollers (Figure  2.2). In 
principle, the process is similar to a conventional roller mill but the contact pressure is considerably 

Compression 

Impact 

Shear + 
compression 

Agitated ball mill 

Ball mill 

Vibration mill 

Jet mill 

High-pressure roller mill +
deagglomeration

Particle size (µm)
0.1 1 10 100

FIGURE  2.1   Mechanical stresses between particles and range of particle sizes reached with different types 
of mills.
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FIGURE  2.2   Schematic of a high-compression roller mill.
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FIGURE  2.2   Schematic of a high-compression roller mill.
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higher (in the range of 100– 300  MPa). The stock of coarse particles is comminuted and compacted. 
This process must, therefore, be used in conjunction with another milling process (e.g., ball mill-
ing) to produce a powder. While the process is unsuitable for the production of particle sizes below 
~10  µ m, the energy utilization is fairly good because the mechanical energy supplied to the rollers 
goes directly into grinding the particles. For the production of the same size of particles from a 
stock of coarse particles, the use of a high-energy roller mill in conjunction with a ball mill can be 
more ef!cient than the use of a ball mill only. Since only a small amount of material makes contact 
with the rolls, the wear can be low (i.e., much lower than in ball milling).

2.5 JET MILLS

Jet mills are manufactured in a variety of designs. Generally, the operation consists of the interaction 
of one or more streams of high-speed gas bearing the stock of coarse particles with another high-
speed stream (Figure  2.3). Comminution occurs by particle– particle collisions. In some designs, 
comminution is achieved by collisions between the particles in the high-speed stream and a wall 
(!xed or movable) within the mill. The milled particles leave the mill in the emergent "uid stream 
and are usually collected in a cyclone chamber outside the mill. The gas for the high-speed stream 
is usually compressed air, but inert gases such as nitrogen or argon may be used to reduce oxida-
tion of certain nonoxide materials. The average particle size and the particle size distribution of the 
milled powder depend on several factors, such as the size, size distribution, hardness and elasticity 
of the feed particles, and the pressure at which the gas is injected. The dimensions of the milling 

Product and air

Product inlet

Air classifying

Air inlet

Nozzle

Injector

α

Grinding zone

FIGURE  2.3  Schematic of a jet mill. (From Polke, R. and Stadler, R., Concise Encyclopedia of Advanced 
Ceramic Materials, MIT Press, Cambridge, MA, 1991, p. 189. With permission.)Jet Mill



Ball Mill
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2.6.1.2 Grinding Media
For a given size of grinding media (balls), as the mass of the balls is proportional to their density, 
the rate of grinding is predicted to increase with the density of the balls. In practice, the choice of 
the grinding media is usually determined by considerations of cost and reducing powder contamina-
tion. A list of grinding balls available commercially and the approximate density of each is given 
in Table  2.3.

The size of the grinding medium is also relevant. Small grinding media are generally better than 
large ones. For a given mass (or volume), the number of balls increases inversely as the cube of the 
radius. Assuming that the rate of grinding depends on the number of contact points between the 
balls and the powder, which, in turn, depends on the surface area of the balls, the rate of grinding 
is predicted to increase inversely as the radius of the balls. However, the balls cannot be too small, 
since they must impart suf!cient mechanical energy to the particles to cause fracture.

2.6.1.3 Particle Parameters
The rate of grinding also depends on the particle size. The rate decreases with decreasing particle 
size and, as the particles become fairly !ne (e.g., ~1  µ m to a few micrometers), it becomes more 
and more dif!cult to achieve further reduction in size. A practical grinding limit is approached 
(Figure  2.5). This limit depends on several factors. First, the increased tendency for the particles 
to agglomerate with decreasing particle size means that a physical equilibrium is set up between 

FIGURE  2.4   Schematic of a ball mill in cataracting or falling motion.

TABLE  2.3 
Commercially Available Grinding Media for Ball Milling

Grinding Media Density (g/cm 3  ) 

Porcelain 2.3
Silicon nitride 3.1
Silicon carbide 3.1
Alumina
 Lower than 95% purity 3.4– 3.6
 Higher than 99% purity 3.9
Zirconia
 MgO stabilized 5.5
 High-purity Y2 O3  stabilized 6.0
Steel 7.7
Tungsten carbide 14.5
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 Rate of grinding //≈ AR x am
1 2ρ  (2.2)

where:
 A   is a numerical constant that is speci!c to the mill being used and the powder being milled
 R m   is the radius of the mill
 ρ  is the density of the balls
 x  is the particle size of the powder
 a  is the radius of the balls

According to Equation  2.2, the rate of grinding decreases with decreasing particle size but, as 
described earlier, this only holds up to a certain point because a practical grinding limit is reached 
after a certain time. The variation of the rate of grinding with the radius of the balls must also be 
taken with caution. The balls will not possess suf!cient energy to cause particle fracture if they are 
too small.

2.6.1.5 Practical Considerations
A disadvantage of ball milling is that wear of the grinding media can be fairly high. For advanced 
ceramics, the presence of impurities in the powder can be a serious problem. The best solution is to 
use balls with the same composition as the powder itself, but this is only possible in very few cases 
and, even for these, at fairly great expense. Another solution is to use grinding media that are chemi-
cally inert at the sintering temperature of the powder (e.g., ZrO2  balls), or can be removed from the 
powder by washing (e.g., steel balls). The use of porcelain balls or low purity Al2 O3  balls that wear 
easily should normally be avoided in the processing of advanced ceramics, because they introduce 
SiO2  impurities into the powder. Silicate liquids will form at the sintering temperature and make 
microstructural control more dif!cult.

In ball milling, the common objective is to have the balls fall onto the particles at the bottom of 
the mill rather than onto the mill liner itself. For a mill operating at ~75% of its critical speed, this 
occurs, for dry milling, for a quantity of balls !lling ~50% of the mill volume and for a charge of 
particles !lling ~25% of the mill volume. For wet milling, a useful guide is for the balls to occupy 
~50% of the mill volume and the slurry ~40% of the mill volume, with the solid content of the slurry 
equal to approximately 25%– 40%.

It is not clear whether wet ball milling has a higher energy utilization than dry milling. 
The reduction of agglomeration in wet ball milling is offset by higher energy losses due to the 
viscous liquid medium. While wet ball milling has the ability to produce a higher fraction of 
!ner particles, it suffers from increased wear of the grinding media, the need to dry the powder 
after milling, and possible contamination of the powder by adsorbed molecules from the liquid 
medium.

FIGURE  2.7   Schematic of ball milling in stages.
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for	discontinous	processes
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the agglomeration and comminution processes. Second, the probability of the occurrence of a com-
minution event decreases with decreasing particle size. Third, the probability of a !aw with a given 
size existing in the particle for fracture to occur decreases with decreasing particle size; that is, the 
particle becomes stronger.

The limiting particle size achieved in dry ball milling could be lowered by the use of wet milling 
(Figure  2.5). A liquid layer coats the particles and serves to reduce the degree of agglomeration. 
The use of an optimum amount of dispersing agent during wet milling provides an additional bene"t 
(Figure  2.6) [5]. The dispersant coats the particles and further reduces agglomeration. Performing 
dry milling in stages may also be bene"cial (Figure  2.7). As the particles get "ner, they are trans-
ferred to another compartment of the mill or to another mill operating with smaller balls.

2.6.1.4 Empirical Relationship for Ball Milling
Ball milling is a complex process that does not lend itself easily to rigorous theoretical analysis. 
We therefore have to be satis"ed with empirical relationships. One such empirical relationship is:
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FIGURE  2.5   Particle size vs. grinding time for ball milling. (Courtesy of L.C. De Jonghe.)
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rod mill. (From Somasundaran, P., Ceramic Processing Before Firing , John Wiley & Sons, New York, 1978. 
With permission.)
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- Solid	state	reactions
	 coarse	powders	(above	10	µm)	
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contamination of the powder. The particle shape of ground powders is usually dif!cult to control. 
Incomplete reactions, especially in poorly mixed powders, produce undesirable phases.

3.2.3  REDUCTION 

The reduction of silica by carbon is used industrially to produce silicon carbide powders:

 SiO 3C SiC 2CO2 + → +  (3.17)

This reaction should occur somewhat above 1500° C, but it is usually carried out at much 
higher temperatures, at which the SiO2  is actually a liquid. The industrial process is referred to 
as the Acheson process . The mixture is self-conducting and is heated electrically to tempera-
tures of ~2500° C. Side reactions occur, so the reaction is more complex than that indicated in 
Equation  3.17. The product, obtained after several days of reaction, consists of an aggregate of 
black or green crystals that is crushed, washed, ground, and classi!ed to produce the desired pow-
der sizes. One disadvantage of the Acheson process is that the powder quality is often too poor 
for demanding applications such as high-temperature structural ceramics. Because the reactants 
exist as mixed particles, the extent of the reaction is limited by the contact area and inhomoge-
neous mixing between reactant particles, with the result that the SiC product contains some unre-
acted SiO2  and C. These limitations have been surmounted recently by a process in which SiO2  
particles are coated with C prior to reduction [16], leading to the production of relatively pure SiC 
powders with !ne particle sizes (< 0.2  µ m).
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FIGURE  3.9  Kinetics of reaction between spherical particles of ZnO and Al2 O3  to form ZnAl2 O4  at 1400° C 
in air, showing the validity of the Carter equation. (From Schmalzried, H., Solid State Reactions , Verlag 
Chemie, Weinheim, Germany, 1981. With permission.)

Acheson	process	(2200-2500°C)

Chemical methods
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by electron transport through the product layer (Figure  3.7a and b); (2) a mechanism involving 
counterdiffusion of the cations with the oxygen ions remaining essentially stationary (Figure  3.7c); 
and (3) mechanisms in which O2−   ions also diffuse through the product layer (Figure  3.7d and e).

In practice, the diffusion coef"cients of the ions differ widely. For example, in spinels, diffusion 
of the large O2–   ions is rather slow when compared with cationic diffusion, so the mechanisms in 
Figure  3.7d and e can be eliminated. If ideal contact occurs at the phase boundaries, making the 
transport of O2  molecules slow, then the mechanisms in Figure  3.7a and b are unimportant. Under 
these conditions, the most likely mechanism is the counterdiffusion of cations (Figure  3.7c), in 
which the cation #ux is coupled to maintain electroneutrality. When the rate of product formation 
is controlled by diffusion through the product layer, the product thickness y  is observed to follow a 
parabolic growth law:

 y Kt2 =  (3.11)

where t  is the time and K  is a rate constant that obeys the Arrhenius relation.
 Several investigations have reported a parabolic growth rate for the reaction layer, which is usu-

ally taken to mean that the reaction is diffusion controlled. The reaction between ZnO and Fe2 O3  to 
form ZnFe2 O4  is reported to occur by the counterdiffusion mechanism, in which the cations migrate 
in opposite directions and the oxygen ions remain essentially stationary. In comparison, the reac-
tion mechanism for the formation of ZnAl2 O4  by Equation  3.2 is not as clear. The reaction rate is 
reported to be controlled by the diffusion of zinc ions through the product layer but, as described 
next for reactions between powders, the kinetics can also be described by a gas– solid reaction 
between ZnO vapor and Al2 O3 .

 For powder reactions (Figure  3.8), a complete description of the reaction kinetics must take into 
account several parameters, thereby making the analysis very complicated. Simpli"ed assumptions 
are commonly made in the derivation of kinetic equations. For isothermal reaction conditions, an 
equation derived by Jander [13] is frequently used. In the derivation, it is assumed that equal-sized 
spheres of reactant A are embedded in a quasi-continuous medium of reactant B and that the reac-
tion product forms coherently and uniformly on the A particles. The volume of unreacted material 
V  at time t  is

 V a y= ( ) −( )4 3
3

/ π  (3.12)

B

a 

y 
A 

Powders Partially reacted Fully reacted

Reaction
product

FIGURE  3.8  Schematic of solid-state reaction in mixed powders.

Issues:
- Homogeneity	and	size	of	the	starting	mix
- Presence	of	unreacted	reagents
- Temperature
- Agglomeration	(grinding)
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	 hydrolysis	of	solutions	of	metal-organic	compounds	(see	sol-gel)	or	metal	salts

	

	 coprecipitation	of	complex	oxides

	 precipitation	under	hydrothermal	conditions	(100-374°C,	220	bar)
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with n-butanol, while under comparable conditions, the particle size was smallest in methanol and 
largest in n-butanol.

The controlled hydrolysis of metal alkoxides (sometimes referred to as the Stober process ) has 
since been used to prepare !ne powders of several simple oxides. An example is the preparation of 
monodisperse TiO2  particles by hydrolysis of Ti(OC2 H5 )4  in which the reaction steps were studied 
[29,30]. The alkoxide reacts with water to produce a monomeric hydrolysis species:

 Ti OC H 3H O Ti OC H OH 2C H OH2 5 4 2 2 5 3 2 5( ) + ( )( ) +R   (3.38)

However, the presence of dimers and trimers of the hydrolysis species cannot be excluded. 
Polymerization of the monomer to produce the hydrated oxide is represented by

 Ti OC H OH TiO H O 1 H O C H OH2 5 3 2 2 2 2 5( )( ) + − +R . ( )x x   (3.39)

The overall reaction can therefore be represented as

 Ti OC H 2 H O TiO H O 4C H OH2 5 4 2 2 2 2 5( ) + +( ) +x xR .  (3.40)

The value of x  was found by thermogravimetric analysis to be between 0.5 and 1.
Because most metal alkoxides hydrolyze readily in the presence of water, the synthesis of pow-

ders with the requisite characteristics requires careful control of the procedure and conditions. The 
reactions are sensitive to the concentration of the reactants, the pH, and the temperature. Oxide 
or hydrated oxide powders are produced. The precipitated particles are often amorphous and may 
consist of agglomerates of much !ner particles (Figure  3.13a).

3.3.2.2  Hydrolysis of Solutions of Metal Salts
Procedures for the preparation of uniform particles by the hydrolysis of metal salt solutions have 
been developed and reviewed by Maitjevic [18]. Compared with the Stober process, the method has 
the ability to produce a wider range of chemical compositions, including oxides or hydrous oxides, 
sulfates, carbonates, phosphates, and sul!des [31]. On the other hand, the production of uniform 
particles often requires careful control of a larger set of experimental parameters. These parameters 
include the concentration of the metal salts, the chemical composition of the salts used as starting 
materials, the temperature, the pH of the solution, and the presence of anions and cations that form 
intermediate complexes. A variety of particle sizes and shapes can be produced (Figure  3.16) but 
the morphology of the !nal particles often cannot be predicted. While amorphous as well as crystal-
line particles can be produced, the factors that determine the crystalline versus amorphous structure 
of the product are not clear.

Metal ions, as described earlier, are normally hydrated in aqueous solution. The conditions for 
homogeneous precipitation of uniform particles can be achieved by a forced hydrolysis technique 
that involves heating the solution at elevated temperatures (such as 90° C– 100° C) to promote depro-
tonation of the hydrated cations. For a metal M of valence z , the reaction can be written as

 [ ] [ ]M OH M OH OH  H2 2( ) ( ) ( ) ++
−

− +
n

z
y n y

z y yR   (3.41)

The soluble hydroxylated complexes produced by the hydrolysis reaction form the precursors to the 
nucleation of particles. They can be generated at the proper rate to achieve nucleation and growth of 
uniform particles by adjustment of the temperature and pH. In principle, it is only necessary to age 
the solutions at elevated temperatures but, in practice, the process is very sensitive to minor changes 
in conditions. Anions other than hydroxide ions can also play a key role in the reaction. Some 
anions are strongly coordinated to the metal ions and thus end up in the precipitated solid of !xed 

Stober	process
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cyanate ions proceeds according to Equation  3.44. The precipitation of rod-like particles may 
be represented as

 2YOH H O NH 3CO Y CO NH 3H O 2 3 H O 2OH2 3 2 3 3 3 2 2( ) + + → ( ) + − ++ − −
n

n
2

3
2 . . ( )   (3.46)

In addition to an excess of urea and a higher aging temperature, longer reaction times (> 12  h) 
are needed to generate a suf!cient amount of free ammonia for the reaction in Equation  3.46 to 
dominate.

3.3.2.3  Coprecipitation of Complex Oxides
Complex oxides are oxides such as titanates, ferrites, and aluminates that contain more than one 
type of metal in the chemical formula. Earlier, we outlined the drawbacks of the solid-state reac-
tion route for the production of !ne, stoichiometric, high-purity powders. Some of those dif!culties 
can be alleviated by the use of coprecipitation from a solution of mixed alkoxides, mixed salts, or a 
combination of salts and alkoxides. A common problem in coprecipitation is that the different reac-
tants in the solution often have different hydrolysis rates, resulting in segregation of the precipitated 
material. Suitable conditions must therefore be found to achieve homogeneous precipitation. As 
an example, consider the preparation of MgAl2 O4  powders [34]. Both Mg and Al are precipitated 
as hydroxides, but the conditions for their precipitation are quite different. Al(OH)3  is precipitated 
under slightly acidic or basic conditions (pH  =  6.5– 7.5), is soluble in the presence of excess ammo-
nia, but is only slightly soluble in the presence of NH4 Cl. Mg(OH)2  is completely precipitated only 
in strongly basic solutions such as NaOH solution. In this case, an intimate mixture of Al(OH)3  and 
Mg– Al double hydroxide, 2Mg(OH)2 · Al(OH)3 , is produced when a solution of MgCl2  and AlCl3  is 
added to a stirred excess solution of NH4 OH kept at a pH of 9.5– 10. Calcination of the precipitated 
mixture above ~400° C yields stoichiometric MgAl2 O4  powder with high purity and !ne particle 
size.

The coprecipitation technique generally produces an intimate mixture of precipitates. In many 
cases, the mixture has to be calcined to produce the desired chemical composition. Subsequently, 
a milling step is often required to break up agglomerates, which can introduce impurities into the 
powder. In general, it is more desirable to produce a precipitate that does not require the use of ele-
vated-temperature calcination and subsequent milling. In a few cases, the precipitated powder has 
been prepared with the same cation composition as the desired product. An example is the prepara-
tion of BaTiO3  by the hydrolysis of a solution of barium isopropoxide, Ba(OC3 H7 )2 , and titanium 
tertiary amyloxide, Ti(OC5 H11 )4  [35]. The overall reaction can be written as

 Ba OC H Ti OC H 3H O BaTiO 4C H OH 2C H OH3 7 2 5 11 4 2 3 5 11 3 7( ) + ( ) + → + +   (3.47)

The alkoxides are dissolved in a mutual solvent (e.g., isopropanol) and re"uxed for 2  h prior to 
hydrolysis. Water is added slowly while the solution is vigorously stirred, and the reaction is carried 
out in a CO2 -free atmosphere to prevent the precipitation of BaCO3 . After drying the precipitate at 
50° C for 12  h in a helium atmosphere, a stoichiometric BaTiO3  powder with a purity of more than 
99.98% and a primary particle size of 5– 15  nm (with a maximum agglomerate size of < 1  µ m) is 
produced. Dopants can be incorporated uniformly into the powder by adding a solution of the req-
uisite metal alkoxide prior to hydrolysis.

The hydrolysis of a mixture of metal alkoxides forms a fairly successful route for the synthesis of 
complex oxide powders, but most metal alkoxides are expensive and their hydrolysis requires care-
fully controlled conditions because of their sensitivity to moisture. While the controlled hydrolysis 
of a mixture of salt solutions appears to be more dif!cult, its use has been demonstrated for a few 
systems, such as BaTiO3  and SrFeO4 .
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diffusion-controlled growth, does not apply to the formation of particles that are aggregates of !ner 
primary particles. Instead, it may apply only to the primary particles.

3.3.1.4  Particle Growth by Aggregation
High-resolution electron micrographs of particles synthesized by several routes involving precipi-
tation from solution show that the particles consist of aggregates of much !ner primary particles. 
Titania particles prepared by the hydrolysis of a titanium alkoxide show primary particle features 
that are smaller than ~10  nm (Figure  3.13a) [24]. Transmission electron microscopy (TEM) of 
CeO2  particles synthesized by hydrolysis of cerium nitrate salts in the presence of sulfate ions 
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FIGURE  3.12  Schematic representation of the solute concentration versus time in the nucleation and growth of par-
ticles from a solution. (From LaMer, V.K. and Dinegar, R.H., J. Am. Chem. Soc ., 72, 4847, 1950. With permission.)

(a)

100 nm

(b)

0.5 µm

FIGURE  3.13  (a) Scanning electron micrograph of TiO2  particles prepared by the Stober process, showing 
that the particles consist of much !ner primary particles. (Courtesy of A.M. Glaeser.) (b) Transmission elec-
tron micrograph of hexagonal CeO2  particles synthesized by hydrolysis of cerium nitrate salts in the presence 
of sulfate ions, showing that the hexagonal particles consist of much smaller primary particles with a spherical 
shape. (From Hsu, W.P. et al., Langmuir , 4, 31, 1988. With permission.)
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3.3.2.4  Precipitation under Hydrothermal Conditions
Precipitation from solution under hydrothermal conditions has been known for decades as a method 
for synthesizing !ne, crystalline oxide particles [36]. Interest in the method has increased in recent 
years because of a growing need for !ne, pure powders for the production of electronic ceramics 
with high density and small grain size to attain improved properties. The process involves heating 
reactants, often metal salts, oxides, hydroxides, or metal powders, as solutions or suspensions, usu-
ally in water, at temperatures between the boiling and critical points of water (100° C– 374° C) and 
pressures up to 22.1  MPa (the vapor pressure of water at its critical point). It is commonly carried 
out in a hardened steel autoclave, the inner surfaces of which are lined with a plastic (e.g., Te"on) 
to limit corrosion of the vessel.

Several types of reactions may be employed in hydrothermal synthesis. A common feature is that 
precipitation of the product generally involves forced hydrolysis under elevated temperature and 
pressure. Powders prepared by the hydrothermal route have several desirable characteristics, such 
as !ne particle size (10– 100  nm), narrow size distribution, high purity, good chemical homogeneity, 
and single-crystal structure. The crystalline phase is commonly produced directly, so a calcination 
step is not required. As an example, Figure  3.18 shows CeO2  powders (average particle size ~15  nm) 
produced from a suspension of amorphous, gelatinous cerium (hydrous) oxide under hydrothermal 
conditions (~300° C and 10  MPa pressure for 4  h). CeO2  has a cubic crystal structure and the faceted 
nature of the particles is an indication that they are crystalline. High-resolution TEM also revealed 
that the particles are single crystals [37].

In general, !ne powders have rapid sintering rates and lower sintering temperatures. However, 
they are very prone to agglomeration, particularly in the dry state, and dif!cult to consolidate to a 
high packing density. Because of their high surface area, the powders may contain a high concentra-
tion of chemically bonded hydroxyl groups on their surface that, unless removed prior to sintering, 
can limit the !nal density of the fabricated material.

Hydrothermal synthesis of BaTiO3  powders was reported many years ago, but the method has 
received much attention in recent years, because of the need for !ne powders for use in the produc-
tion of thin dielectric layers. One method involves the reaction between TiO2  gels or !ne anatase 
particles with a strongly alkaline solution (pH  >   12– 13) of Ba(OH)2  at 150° C– 200° C, which can be 
described by the equation

 TiO Ba OH BaTiO H O2 2 3 2+ ( ) → +  (3.48)

50 nm

FIGURE  3.18  Powders of CeO2  prepared by the hydrothermal method.

Issues:
- Aggregation or	agglomeration
- Particles	growth	by	Ostwald	ripening
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The significant advantage of sol–gel processing of
ceramic powders is that homogeneous compositions can
be prepared at temperatures lower than required for con-
ventional powder processes. Furthermore, the reactants
used in sol–gel processing are available in very high
purities, which allows the formation of high-purity
powders of crystalline ceramics and glasses.

A commonly studied approach for synthesizing oxides
has been to hydrolyze the appropriate metal alkoxides.
There are several advantages to using metal alkoxides as
precursors for ceramic
powders. Most of the
alkoxides of interest can
be easily prepared or are
commercially available and
can be readily purified prior
to use. Interaction of
alkoxides with water yields
precipitates of hydroxides,
hydrates, and oxides. The
size of the precipitate
particles usually ranges
from 0.01 to 1.0 mm,
depending on the hydrolysis
conditions. Thus, we can
easily produce nanoparticles.

22.2 STRUCTURE AND SYNTHESIS
OF ALKOXIDES

Alkoxides have the general formula M(OR)z where M is
usually a metal but can also be a nonmetal such as Si, and R
is an alkyl chain. Table 22.1 lists some common alkoxides
used in the preparation of ceramics.

The nomenclature adopted for the simple alkoxides
follows the basic rules of organic chemistry.

Methoxide R ¼ CH3 Example is B(OCH3)3
Ethoxide R ¼ C2H5 Example is Si(OC2H5)4
Propoxide R ¼ C3H7 Example is Ti(OiC3H7)4 (n-, iso-)

Butoxide R ¼ C4H9 Example is Al(OsC4H9)3 (n-, iso-, sec-, tert-)

In these molecular formulae, the superscripts n, t, s, and i
refer to normal, tertiary, and secondary or iso alkyl chains,
each of which is illustrated for the butoxide group in Fig-
ure 22.2. These are common names and don’t follow the

Commission on the
Nomenclature of Organic
Chemistry of the Interna-
tional Union of Pure and
Applied Chemistry
(IUPAC). In the case of
higher alkoxides (i.e.,
those with five or more C
atoms), the nomenclature
is derived strictly from
IUPAC conventions. For
example, the alkoxide
group (CH3)3CCH2CH2O-
wouldbe referred to as2,2-
dimethylbutoxide. The old
name is neohexoxide.

FIGURE 22.1 Flow chart comparing sol–gel processing using a solu-
tion and a suspension of fine particles.

TABLE 22.1 Examples of Metal Alkoxides

Name
Chemical
formula Physical state

Aluminum s-butoxide Al(OsC4H9)3 Colorless liq., TB ~203"C

Aluminum ethoxide Al(OC2H5)3 White powder, TM 130"C

Aluminum isopropoxide Al[OiC3H7]3 White powder, TM 118.5"C

Antimony ethoxide Sb(OC2H5)3 Colorless liq., TB 95"C

Barium isopropoxide Ba(OiC3H7)2 Off-white powder

Boron ethoxide B(OC2H5)3 Colorless liq., TB 117.4"C

Calcium methoxide Ca(OCH3)2 Off-white powder

Iron ethoxide Fe(OC2H5)3 TM 120"C

Iron isopropoxide Fe(OiC3H7)3 Brown powder

Silicon tetraethoxide Si(OC2H5)4 Colorless liq., TB 165.8"C

Silicon tetraheptoxide Si(OC7H15)4 Yellow liq.

Silicon tetrahexoxide Si(OC6H13)4 Colorless liq.

Silicon tetramethoxide Si(OCH3)4 Colorless liq., TB 121–122"C

Titanium ethoxide Ti(OC2H5)4 Colorless liq., TB 122"C

Titanium isopropoxide Ti[OiC3H7]4 Colorless liq., TB 58"C

Yttrium isopropoxide Y[OiC3H7]3 Yellowish-brown liq.

METAL ALKOXIDE
M(OR)
For convenience we will say “metal alkoxide” even
when referring to alkoxides of non-metals such as
silicon and boron.

DEFINITION OF SOL AND GEL
Colloidal particles or molecules, are suspended in a
liquid or solution, a “sol”.
The sol is mixed with another liquid, which causes
formation of a continuous 3D network, a “gel”.
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22.4 SOL–GEL PROCESS USING METAL
ALKOXIDES

The three basic steps in the sol–gel process are
summarized in Figure 22.4. The conversion of the sol to
a gel occurs by hydrolysis and condensation reactions.
The gel is converted to the oxide by drying and firing.
We now look at each of these steps in a little more detail.

22.4.1 Preparing the Sol

The sol–gel process can be used to make single or multi-
component oxides. First, we consider the case of a one-
component system—silica. Of the many available silicon
alkoxides, TEOS is commonly used. TEOS is insoluble in
water, but water is necessary for the hydrolysis reaction;
hence, we need to select a solvent for both the alkoxide and
water. Ethanol is a suitable solvent, and a typical formula-
tion contains three main components:

43 vol% Si OC2H5ð Þ4 43 vol%C2H5OH 14 vol%H2O

For small-scale sol–gel processing in the laboratory,
the equipment is relatively simple and inexpensive and
consists of a:

▪ Three-necked flask (contains the mixed solutions)

▪ Mechanical stirrer (the mixture is stirred constantly)

▪ Reflux condenser (needed to prevent the solution from
evaporating)

▪ Constant temperature bath (the rate of hydrolysis
depends on the temperature)

Multicomponent sols can be prepared by mixing
different precursors, which are selected to give eventually
an oxide of the desired composition. Table 22.4 gives
examples of typical formulations for both single-
component and multicomponent alkoxide solutions.
There may be problems if the hydrolysis rates of the pre-
cursors are different, and this can create inhomogeneities
in the subsequent gel. We can allow for this possibility
by partially hydrolyzing the less reactive component—
e.g., Si(OC2H5)4—before adding the more reactive one—
e.g., Ti(OiC3H7)4.

SAMPLE RECIPE
PZT thin films can be prepared using a solution
of zirconium butoxide [Zr(OnC4H9)4] and titanium
propoxide [Ti(OnC3H7)4] in 2-methoxyethanol (CH3-
OCH2CH2OH) mixed with lead acetate trihydrate
[(CH3CO2)2Pb.3H2O] that is also dissolved in
2-methoxyethanol.

For some metals, such as the alkali metals and alkaline
earth metals, it is not possible or inconvenient to use
alkoxides because they are either unavailable or difficult
to prepare. You can see from Table 22.2 that alkoxides of
these metals are solids with low volatility. In many cases,
they also have low solubility. In these situations, alterna-
tive reactants must be found. Metal salts such as acetates
and citrates, which are soluble in organic solvents, are aFIGURE 22.4 Basic steps in the sol–gel process using metal alkoxides.

TABLE 22.4 Formulations for Single-Component and Multicomponent Alkoxide Solutions

One component: 100 mol% SiO2

Two components: 94 mol% SiO2 þ 6 mol
% TiO2

Three components: 15 mol%
Li2O þ 3 mol% Al2O3 þ 82 mol% SiO2

Soln. conc.
Oxide
content Soln. conc.

Oxide
content Soln. conc. Oxide

Precursor wt%/100 g
vol%/
100 mL mol g/mol wt%/100 g

vol%/
100 mL mol g/mol wt%/100 g

vol%/
100 mL mol g/mol

Si(OC2H5)4 45 43 11 11 35 34

Ti(OC3H7)4 1 1

Al(OC4H9)3 1 1

LiNO3 3 1

C2H5OH 40 43 4 36 41 14 29 34 4

H2O 16 14 4 52 47 50 33 30 8

Oxide
(Si þ Ti þ Al þ Li)

1 11.3 1 3.15 1 10.6

TABLE 22.3 Effect of Distillation on the Purity of Silicon
Tetraethoxide

Form/Impurity (ppb) Mn Cr Fe Co Ni Cu

As supplied 10 15 86 0.7 <200 <200

Once distilled 0.8 2 31 0.3 11 <20

414 ..................................................................................................................................... 22 S O L S , G E L S , A N D O R G A N I C C H E M I S T R Y

CH3CH2OH	 	 ethanol

CH3CH2O	–	Si	–	(OCH2CH3)3
silicon	tetraethoxide



Process	scheme

low pH

high	pH

22.4.3 Sol–Gel Transition

Viscosity is a key parameter that is used to determine when
the sol–gel transition occurs. At the transition, there is an
abrupt increase in viscosity. The structural changes that
occur during gelation for acid-catalyzed and base-
catalyzed reactions are illustrated in Figure 22.7.

Viscosity can be measured by two simple methods.

▪ Capillary flow– most common

▪ Rotation—using “Couette flow”

The Ostwald viscometer, illustrated in Figure 22.8, is
an example of a capillary method used to study the sol–gel
transition. The solution is introduced into the viscometer
such that it reaches levels B and C. Liquid is then drawn up
into the left-hand limb until the liquid levels are above A
and at the bottom of the right-hand bulb. When the liquid is
released, the time for the left-hand meniscus to pass
between the marks A and B is measured. As the pressure
driving the liquid through the capillary at any instant is
proportional to its density, we write:

Z ¼ krt (22.5)

where k is a constant known as the viscometer coefficient,
r is the density of the liquid, and t is the flow time. The
capillary measurement is simple to operate and quite pre-
cise (0.01–0.1%).

VISCOMETERS
Used for glass, sol-gels, blood, polymers, etc. The ‘cup and
bob’ types define the volume of sample to be sheared in a
test cell. The torque needed to achieve a particular rota-
tional speed is measured. The two geometries are known
as the ‘Couette’ or ‘Searle’ systems; the difference is
whether the cup or bob rotates. The cup can be a cylinder.

FIGURE 22.6 Condensation reactions in (A) single metal alkoxide
solutions and (B) mixed metal alkoxide solutions.

FIGURE 22.7 Acid-catalyzed (A) and base-catalyzed (B) polymeriza-
tion and gelation.

FIGURE 22.8 Ostwald viscometer. The liquid is initially at B and C and
then drawn up to A.
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Acidic-catalysis

Basic-catalysis



Alumina produced by the Bayer process

digestion:

enriched and	milled bauxite	(≈2	mm)	(Al2O3,	Fe,	Si,	Ti	oxides,	etc.)	+	NaOHaq (150-160°C,	5	bar)

Al(OH)4- (aq)	+	Na+ (aq)		+	solid (impurities,	SiO2,	TiO2,	Fe2O3)	– “red	mud”

filtration:				solution of	Al(OH)4- (aq)	+	Na+ (aq)

precipitation:				solution cooling� α-Al(OH)3 solid (0.1	– 25	µm)

calcination:				treatment	at 1100-1200°C� Al2O3 – calcined alumina - (0.5%	Na2O)

milling

washing (resolubilization)	
removal of	Na



- Spray	pyrolysis
	 solution	(see	also	sol-gel)	sprayed	in	hot	and	oxidizing	atmosphere
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ceramics, dense particles are preferred over highly porous or hollow shell-like particles, because 
they give a higher particle packing density in the green article without requiring a grinding step.

Figure  3.25 shows schematically how the precipitation conditions in the droplet and the solution 
chemistry in!uence the particle morphology and microstructure. If dense particles are required, 
we must "rst achieve homogeneous nucleation and growth in the droplet (referred to as volume 
precipitation  in Figure  3.25a). This is facilitated by a small droplet size and slow drying to reduce 
gradients in solute concentration and temperature. A large difference between the supersaturation 
concentration C ss   and the saturation concentration C s   of the solute in solution increases the nucle-
ation rate (Figure  3.12 and Equation  3.25). It is also important to have a high solute solubility (high 
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Surface
precipitation

Metal salts

Metalorganics
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metal salt

Polymerization
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Successive
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Simultaneous
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Reaction gasSolution
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plastic or melting
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(b)

Low
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FIGURE  3.25  Effect of precipitation conditions and precursor characteristics on (a) particle morphology 
and (b) composite particle microstructure in spray pyrolysis. (From Messing, G.L. et al., J. Am. Ceram. Soc ., 
76, 2707, 1993. With permission.)
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FIGURE  3.23  Schematic of the stages in the spray pyrolysis process. (From Messing, G.L. et al., J. Am. 
Ceram. Soc ., 76, 2707, 1993. With permission.)
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FIGURE  3.24  Examples of the particle morphologies produced in the spray pyrolysis process. (From 
Messing, G.L. et al., J. Am. Ceram. Soc ., 76, 2707, 1993. With permission.)



- Gel	routes
	 starting	from	a	gel	or	viscous	resin

	 -	sol-gel	(the	gel	is	dried	and	crashed)

	 -	Pechini	method	(polyesterification	induced	by	ethylene	glycol	addition)

	 -	citrate	method

	 -	glycine	method
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3.5.2   PECHINI METHOD

The Pechini method, originally developed by Pechini [49] for the preparation of titanates and nio-
bates for the capacitor industry, has been used for several complex oxides [50]. Metal ions from 
starting materials such as carbonates, nitrates, and alkoxides are complexed in an aqueous solution 
with α -carboxylic acids (e.g., citric acid). When heated with a polyhydroxy alcohol (e.g., ethylene 
glycol), polyesteri!cation occurs and, on removal of the excess liquid, a transparent resin is formed. 
The resin is heated to decompose the organic constituents, ground, and calcined to produce the 
powder. A "ow diagram of the steps in the preparation of SrTiO3  powders is shown in Figure  3.27.

3.5.3   CITRATE GEL METHOD

The citrate gel method [51] can be exempli!ed by the synthesis of the ceramic superconductor 
YBa2 Cu3 O7−  x   [52]. Nitrate solutions of Y, Ba, and Cu are added to a citric acid solution and the pH 
is kept at ~6 to prevent precipitation of barium nitrate. Heating the solution at 75° C in air produced 
a viscous liquid containing polybasic chelates. Further heating at 85° C in a vacuum resulted in an 
amorphous solid that was pyrolyzed in air at 900° C to produce a crystalline powder.

3.5.4   GLYCINE NITRATE PROCESS

The glycine nitrate process is one of a general class of combustion methods for the preparation of 
ceramic powders, either simple oxides or complex oxides (e.g., manganites, chromites, ferrites, and 
oxide superconductors). A highly viscous mass formed by evaporation of a solution of metal nitrates 
and glycine is ignited to produce the powder [53]. Glycine, an amino acid, forms complexes with the 
metal ions in solution, which increases the solubility and prevents the precipitation of the metal ions 
as the water is evaporated, giving good chemical homogeneity. Glycine also serves another impor-
tant function: It provides a fuel for the ignition step of the process, since it is oxidized by the nitrate 
ions. The reactions occurring during ignition are highly explosive and caution should be exercised 
during this step. Normally, only small quantities should be ignited at a time. The loose mass of !ne, 
crystalline powder (primary particle size smaller than a few tens of nanometers) obtained by this 
process is believed to result directly from the short exposure to high temperatures in the ignition 
step. Commonly, no grinding or calcination of the powder is required.

Ethylene glycol

Ti n-Butoxide

(NH4)2 CO3 + H2O

Sr (NO3)2 + H2O

H2O
HNO3

Sr (NO3)2 + H2O

H2WO4, H2O
NH4OH

PowderGlassy
resin

Citric acid

Batch
solution

(Dopants)

Precipitate

Dry

100°C
Stir

150°C
Char 250°C, crush

Calcine 700°C

“Ti solution” “Sr, Ti solution” 

Sr CO3

“Ti solution” 

Wash, filter

FIGURE  3.27  Flowchart for the preparation of strontium titanate powder by the Pechini method. (From 
Budd, K.D. and Payne, D.A., Mater. Res. Soc. Symp. Proc ., 32, 239, 1984. Courtesy of D.A. Payne.)SrTiO3 by Pechini method



- Vapour	phase	reactions
	 (see	CVD	–	chemical	vapour	deposition)

gas B

gas A
gas D

p,	T

C

Steps:
1. reaction between A & B (gas) è C (solid) & D (gas)
2. condensation of C (on the substrate) – by nucleation & growth
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the reaction temperature, the partial pressure of the N2  gas, and the purity of the Si powder. Silicon 
nitride powder is also produced by the carbothermic reduction of SiO2  in a mixture of !ne SiO2  
and C powders followed by reaction at 1200° C– 1400° C in N2 . This process is used industrially by 
Toshiba (Japan). The widespread availability of pure, !ne SiO2  and C makes this method an attrac-
tive alternative to the nitridation of Si. While the overall reaction can be written as

 3SiO 6C 2N Si N 6CO2 2 3 4+ + → +  (3.55)

the mechanism is believed to involve the gaseous silicon monoxide, SiO, as follows:

 3SiO s 3C s 3SiO s 3CO g2 ( ) + ( )→ ( ) + ( )  (3.56a)

 3SiO s 3SiO g( )→ ( )  (3.56b)

 3SiO g 3C s 2N Si N s 3CO g2 3 4( ) + ( ) + → ( ) + ( )  (3.56c)

Excess C is used as an oxygen sink to form gaseous CO and reduce the amount of oxygen on the 
particle surface, but any C remaining after the reaction has to be burned out in an oxidizing atmo-
sphere, and this may cause some reoxidation of the Si3 N4  particle surface.

The nitridation and carbothermic reduction methods commonly produce a strongly agglomer-
ated mass of Si3 N4  that requires milling, washing, and classi!cation. The impurities introduced into 
the powder during these steps can cause a signi!cant reduction in the high-temperature mechanical 
properties of the fabricated material.

3.7.2   REACTION BETWEEN GASES  

The types of deposits that can arise from reactions between heated gases are illustrated in Figure  3.30 
[54]. Films, whiskers, and bulk crystals are produced by heterogeneous nucleation on a solid surface 
by chemical vapor deposition. In comparison, the formation of particles occurs by homogeneous 
nucleation and growth in the gas phase. It is described by equations similar to those given earlier for 

Gas phase

Gas
species

Whiskers

Film Bulk crystals

Solid

Nuclei
Particles

FIGURE  3.30  Schematic diagram illustrating the types of deposits that can form by the reaction between 
heated gases. (From Kato, A., Hojo, J., and Watari, T., Mater. Sci. Res. , 17, 123, 1984. With permission.)

Fundamental reaction:
aA(g)	+	bB(g)	=	cC(s)	+	dD(g)

K	≈	(pD)d	/	(pA)a (pB)b

ΔG0 =	- R	T	ln	K
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the nucleation of liquid droplets from a supersaturated vapor (Equations  3.18 through 3.24). Several 
gas-phase reactions are used to produce ceramic powders industrially and on a laboratory scale. The 
methods employ a variety of techniques for heating the reactant gases, including !ame, furnace, 
plasma, and laser heating.

 Flame synthesis of TiO2  and SiO2  form two of the largest industrial processes for synthesizing 
powders by gas-phase reactions [55]. The reactions can be written as

 TiCl g 2H O g TiO s 4HCl g4 2 2( ) + ( )→ ( ) + ( )  (3.57)

 SiCl g O g SiO s 2Cl g4 2 2 2( ) + ( )→ ( ) + ( )  (3.58)

Particle formation is illustrated in Figure  3.31. In the formation of SiO2  (sometimes referred to as 
fumed SiO 2  ), SiCl4  reacts in an H2  !ame (~1800° C) to form single spherical droplets of SiO2 . These 
grow by collision and coalescence to form larger droplets. As the droplets begin to solidify, they 
stick together on collision but do not coalesce, forming solid aggregates that, in turn, continue to 
collide to form agglomerates. The powder has a "ne particle size and good purity (resulting from the 
use of high-purity gases) but it is often agglomerated (Figure  3.32). The simplicity of the reaction 
system and ease of scale-up are key factors in industrial production.

Furnace, plasma, and laser heating have been used to produce Si3 N4  and SiC powders by gas-
phase reactions, such as the following:

 3SiCl g 4NH g Si N s 12HCl g4 3 3 4( ) + ( )→ ( ) + ( )  (3.59)

Agglomerates

Aggregates

Molten spherical
primary particles

Flame (reaction zone)

Reagents
Burner tube

FIGURE  3.31  Schematic diagram illustrating the formation of primary particles, aggregates, and agglomerates 
in gas-phase reactions heated by a !ame. (From Ulrich, G.D., Chem. Eng. News , 62, 22, 1984. With permission.)
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FIGURE  3.31  Schematic diagram illustrating the formation of primary particles, aggregates, and agglomerates 
in gas-phase reactions heated by a !ame. (From Ulrich, G.D., Chem. Eng. News , 62, 22, 1984. With permission.)



- Gas	–	solid	reaction
	
	 -	nitrididation	for	Si3N4	(from	Si	powder)

	 -	carbothermal	reduction
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β -SiC powders above ~1800° C– 1900° C results in transformation to the α -phase, which is accom-
panied by growth of plate-like grains. The use of β -SiC powder requires very !ne powders to keep 
the sintering temperature below ~1800° C.

3.7.1   GAS– SOLID REACTION  

A widely used method for the preparation of Si3 N4  powders is by direct nitridation, in which Si 
powder (particle size typically in the range 5– 20  µ m) is reacted with N2  at temperatures between 
1200° C and 1400° C for times in the range 10– 30  h. The method is used commercially, and a pow-
der produced by H.C. Starck (Germany) is shown in Figure  3.29. The reaction process parameters 
and mechanisms are similar to those for the production of reaction-bonded Si3 N4 , except that a loose 
bed of Si powder is used rather than a shaped article. The Si3 N4  powder consists of a mixture of α  
and β  phases. Some control of the relative amounts of these two phases is achieved by controlling 
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FIGURE  3.29  Scanning electron micrograph of a commercially available Si3 N4  powder (LC 12) produced 
by the nitridation of silicon. (Courtesy of H.C. Starck, Germany.)

TABLE  3.2 
Properties of Commercially Available Silicon Nitride Powders

Method of Preparation 

Liquid-phase 
Reaction of 
SiCl 4  /NH 3  

Nitridation 
of Si 

Particles 

Carbothermic 
Reduction of 
SiO 2   in N 2  

Vapor-phase 
Reaction of 
SiCl 4  /NH 3  

Manufacturer UBE H.C. Stark Toshiba Toya Soda
Grade SN-E 10 H1 — TSK TS-7
Metallic impurities (wt%) 0.02 0.1 0.1 0.01
Non-metallic impurities (wt%) 2.2 1.7 4.1 1.2
α -Si3 N4  (wt%) 95 92 88 90
β -Si3 N4  (wt%) 5 4 5 10
SiO2  (wt%) 2.5 2.4 5.6 — 
Surface area (m2 /g) 11 9 5 12
Average particle size (µ m) 0.2 0.8 1.0 0.5
Tap density (g/cm3 ) 1.0 0.6 0.4 0.8
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the reaction temperature, the partial pressure of the N2  gas, and the purity of the Si powder. Silicon 
nitride powder is also produced by the carbothermic reduction of SiO2  in a mixture of !ne SiO2  
and C powders followed by reaction at 1200° C– 1400° C in N2 . This process is used industrially by 
Toshiba (Japan). The widespread availability of pure, !ne SiO2  and C makes this method an attrac-
tive alternative to the nitridation of Si. While the overall reaction can be written as

 3SiO 6C 2N Si N 6CO2 2 3 4+ + → +  (3.55)

the mechanism is believed to involve the gaseous silicon monoxide, SiO, as follows:

 3SiO s 3C s 3SiO s 3CO g2 ( ) + ( )→ ( ) + ( )  (3.56a)

 3SiO s 3SiO g( )→ ( )  (3.56b)

 3SiO g 3C s 2N Si N s 3CO g2 3 4( ) + ( ) + → ( ) + ( )  (3.56c)

Excess C is used as an oxygen sink to form gaseous CO and reduce the amount of oxygen on the 
particle surface, but any C remaining after the reaction has to be burned out in an oxidizing atmo-
sphere, and this may cause some reoxidation of the Si3 N4  particle surface.

The nitridation and carbothermic reduction methods commonly produce a strongly agglomer-
ated mass of Si3 N4  that requires milling, washing, and classi!cation. The impurities introduced into 
the powder during these steps can cause a signi!cant reduction in the high-temperature mechanical 
properties of the fabricated material.

3.7.2   REACTION BETWEEN GASES  

The types of deposits that can arise from reactions between heated gases are illustrated in Figure  3.30 
[54]. Films, whiskers, and bulk crystals are produced by heterogeneous nucleation on a solid surface 
by chemical vapor deposition. In comparison, the formation of particles occurs by homogeneous 
nucleation and growth in the gas phase. It is described by equations similar to those given earlier for 

Gas phase

Gas
species

Whiskers

Film Bulk crystals

Solid

Nuclei
Particles

FIGURE  3.30  Schematic diagram illustrating the types of deposits that can form by the reaction between 
heated gases. (From Kato, A., Hojo, J., and Watari, T., Mater. Sci. Res. , 17, 123, 1984. With permission.)
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Powder preparation methods for metals
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Thermochemical reduction routes to produce titanium

container for Mg andMgCl2 evaporation [30]. Further-
more, the vacuum separation is followed by a long
period of cooling. To date, the largest facilities can pro-
duce 10 ton of titanium per reaction container; how-
ever, one cycle takes more than 10 days, i.e. 1 ton of
Ti per day. Based on one estimate, the energy con-
sumption of the distillation can be nearly 70% of the
total energy consumption of the entire Kroll process
from upgraded Ti slag to sponge metal [31]. This is
illuminating with regard to the cost of Ti sponge, and
subsequently the cost of powders. It shows that the
cost of purifying the metal is one of the key drivers
of cost, in addition to the cost of the precursor and
reductant.

As mentioned earlier, the majority of Ti primary
metals used globally by industry today are produced
using the Kroll method. Ti-sponge, however, is not Ti
powder. It is not a ‘powder production method,’

although the Kroll process does produce what is classi-
fied as ‘sponge fines’ that may be used directly as pow-
der. Metallic Ti sponge (Figure 5(a)) is the primary
product of the Kroll process, but this material can also
be crushed using mechanical means to produce pow-
ders. Ti-sponge is also used as the raw material for mak-
ing Ti powder using other methods. For example, it is
used as the starting material to make HDH powder,
which will be discussed in the next section. Therefore,
the Kroll process is the starting point for understanding
several other powder production processes.

After nearly half of a century of commercial devel-
opment and optimisation, the Kroll process is firmly
established as the industry standard today. However,
there have been continuous R&D efforts for decades
to reduce the cost of the process. One of the approaches
of these efforts has been to develop a continuous pro-
cess using the same chemistry as that of the Kroll pro-
cess. TiRO is a prominent example [32], and was
developed and reported by the Commonwealth Scien-
tific and Industrial Research Organization (CSIRO) in
Australia. The process has two major steps: reduction
of TiCl4 in a fluidised bed by Mg powder, and vacuum
distillation to remove the MgCl2 byproduct and Mg.

In addition to the TiRO process, there are a few
other processes that are chemically similar to the
Kroll process [14,33–35], all of which attempt to
develop a continuous process. Deura et al. reported a
technique to produce Ti powder by injecting TiCl4
gas into Mg through MgCl2 molten salt in order to
spatially separate the Ti product from Mg by molten
salt [33]. During this process, the reaction takes place
at the interface of the molten Mg and MgCl2.

Another continuous process is based on vapour-
phase reduction to produce powder [35]. In this

Figure 3. Thermochemical reduction routes to produce Ti metal through various reductants.

Figure 4. Illustration of the main processing steps of the Kroll
process: (a) chlorination and (b) reduction of TiCl4.
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process, liquid TiCl4 carried by argon gas reacts with
magnesium vapour that is generated by vaporising
Mg wire to form a mixture of Ti, MgCl2, and Mg pow-
der. The product powder is removed from the gas
stream by an electronic precipitator, and Ti powder
product is further separated from Mg and MgCl2 by
either vacuum distillation or leaching. A drawback of
this process is that the size of the particles is in the
sub-micrometer range, which is too fine for capture
and separation. The fine powder also picks up a signifi-
cant amount of oxygen and nitrogen during subsequent
processing.

Yet another continuous two-step process was devel-
oped by Van Vuuren et al. [34]. In this process, TiCl4 is
partially pre-reduced by Ti powder or Mg to generate a
TiCl2-bearing MgCl2 solution. The TiCl2 is then
further reduced by molten Mg dispersed in the molten
MgCl2 to produce Ti powder. Some of the product is
recycled to the TiCl4 pre-reduction step, and the
remainder is withdrawn from the reactor to undergo
subsequent steps of sedimentation and distillation.
There are also many challenges for this process, one
of which is that the particle size of Ti powder produced
by this process is very fine, which makes it prone to
oxygen pickup [34].

Table 1 compares the major characteristics of differ-
ent processes based on the reduction of TiCl4 using Mg,
with those of the Kroll process.

Processes based on the reduction of TiCl4 using Na.
The most well-known process based on the reduction
of TiCl4 using Na is the Hunter process. The Hunter
process is similar to the Kroll process in that it is a ther-
mochemical process based on the reduction of TiCl4 to
produce Ti [36]. Similar to the Kroll process, the Hun-
ter process was commercialised during the middle of
the twentieth century, and for a considerable period

of time it was one of the two main commercial pro-
cesses for production of Ti. However, commercial pro-
duction of Ti sponge using the Hunter process has
gradually come to a halt over the years because it
became clear that the Hunter process is not economi-
cally competitive with the Kroll process. There are
many reasons for this, but a primary obstacle is that
to produce 1 mol of Ti by the reduction of TiCl4, it
takes 4 mol of Na, while only 2 mol of Mg are required
per mole of Ti. And, the production of Na by electro-
lysis is at least as costly as that of Mg. These issues
make Na processing more expensive than using Mg.

However, the Hunter process is also recognised as a
process that can be used to make not only Ti sponge,
but also Ti powder [29,37]. During the Hunter process,
TiCl4 and Na are placed in a reactor, either simul-
taneously, or TiCl4 is fed gradually into the reactor
where Na is already preloaded. The process is typically
carried out at temperatures above 800°C, at which Na
and NaCl are always in their molten state. Ti forms
at the surface of the molten pool, where TiCl4 gas con-
tacts with Na. Ti crystals then form and settle to the
bottom of the liquid pool. Depending on the oper-
ational parameters, some of the Ti particles will con-
nect and fuse together to form Ti sponge, while
others will settle as Ti powder. In fact, the process oper-
ating parameters may be adjusted such that most of the
Ti particles are separated from each other; therefore the
main product of the process is powder, rather than Ti
sponge. The NaCl also provides protection, preventing
the Ti particles from being exposed to air, and thus the
purity of the powder produced by the Hunter process is
often superior.

Typical particle sizes of Ti powder produced using
the Hunter process are −60 or −100 mesh. However,
there is a substantial fraction (12–19%) of fine powders
that will fall through −325 mesh. Oxygen, nitrogen,

Figure 5. SEM micrographs of CP-Ti or Ti–6Al–4V powders by different processes: (a) Kroll (sponge fine), (b) Armstrong, (c) HAMR,
(d) FFC [64], (e) HDH, (f) PREP and (g) plasma atomisation.
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process, liquid TiCl4 carried by argon gas reacts with
magnesium vapour that is generated by vaporising
Mg wire to form a mixture of Ti, MgCl2, and Mg pow-
der. The product powder is removed from the gas
stream by an electronic precipitator, and Ti powder
product is further separated from Mg and MgCl2 by
either vacuum distillation or leaching. A drawback of
this process is that the size of the particles is in the
sub-micrometer range, which is too fine for capture
and separation. The fine powder also picks up a signifi-
cant amount of oxygen and nitrogen during subsequent
processing.

Yet another continuous two-step process was devel-
oped by Van Vuuren et al. [34]. In this process, TiCl4 is
partially pre-reduced by Ti powder or Mg to generate a
TiCl2-bearing MgCl2 solution. The TiCl2 is then
further reduced by molten Mg dispersed in the molten
MgCl2 to produce Ti powder. Some of the product is
recycled to the TiCl4 pre-reduction step, and the
remainder is withdrawn from the reactor to undergo
subsequent steps of sedimentation and distillation.
There are also many challenges for this process, one
of which is that the particle size of Ti powder produced
by this process is very fine, which makes it prone to
oxygen pickup [34].

Table 1 compares the major characteristics of differ-
ent processes based on the reduction of TiCl4 using Mg,
with those of the Kroll process.

Processes based on the reduction of TiCl4 using Na.
The most well-known process based on the reduction
of TiCl4 using Na is the Hunter process. The Hunter
process is similar to the Kroll process in that it is a ther-
mochemical process based on the reduction of TiCl4 to
produce Ti [36]. Similar to the Kroll process, the Hun-
ter process was commercialised during the middle of
the twentieth century, and for a considerable period

of time it was one of the two main commercial pro-
cesses for production of Ti. However, commercial pro-
duction of Ti sponge using the Hunter process has
gradually come to a halt over the years because it
became clear that the Hunter process is not economi-
cally competitive with the Kroll process. There are
many reasons for this, but a primary obstacle is that
to produce 1 mol of Ti by the reduction of TiCl4, it
takes 4 mol of Na, while only 2 mol of Mg are required
per mole of Ti. And, the production of Na by electro-
lysis is at least as costly as that of Mg. These issues
make Na processing more expensive than using Mg.

However, the Hunter process is also recognised as a
process that can be used to make not only Ti sponge,
but also Ti powder [29,37]. During the Hunter process,
TiCl4 and Na are placed in a reactor, either simul-
taneously, or TiCl4 is fed gradually into the reactor
where Na is already preloaded. The process is typically
carried out at temperatures above 800°C, at which Na
and NaCl are always in their molten state. Ti forms
at the surface of the molten pool, where TiCl4 gas con-
tacts with Na. Ti crystals then form and settle to the
bottom of the liquid pool. Depending on the oper-
ational parameters, some of the Ti particles will con-
nect and fuse together to form Ti sponge, while
others will settle as Ti powder. In fact, the process oper-
ating parameters may be adjusted such that most of the
Ti particles are separated from each other; therefore the
main product of the process is powder, rather than Ti
sponge. The NaCl also provides protection, preventing
the Ti particles from being exposed to air, and thus the
purity of the powder produced by the Hunter process is
often superior.

Typical particle sizes of Ti powder produced using
the Hunter process are −60 or −100 mesh. However,
there is a substantial fraction (12–19%) of fine powders
that will fall through −325 mesh. Oxygen, nitrogen,

Figure 5. SEM micrographs of CP-Ti or Ti–6Al–4V powders by different processes: (a) Kroll (sponge fine), (b) Armstrong, (c) HAMR,
(d) FFC [64], (e) HDH, (f) PREP and (g) plasma atomisation.
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Electrochemical reduction to produce titanium

Figure 5(d) shows that the final product has a porous
sponge-like morphology, composed of globular Ti par-
ticles attached to each other due to sintering. In the
original FFC method, preformed TiO2 pellets were
used as precursors [70,71]. More recently, reports
have indicated that free-flowing oxide powders can
also be used as the feedstock. Furthermore, it has
been reported that it is also possible to reduce granules
of synthetic rutile or naturally occurring rutile ore [72].
Because both natural and synthetic rutile contain impu-
rities such as Fe, Al, and Si, it was suggested that a new
titanium alloy powder that contains some of those
elements can be produced using this method [73].

In addition to making commercially pure titanium
(ASTM Grade 4), a wide range of other titanium alloys,
such as Ti–Mo [74], Ti–Nb [75], Ti–6Al–4V [76–78],
and TiNi [79,80], have also been produced by the
FFC process. The characteristics of the FFC process,
as well as other research electrochemical processes,
are compared in Table 2.

An apparent advantage of the FFC Cambridge
method is that it is a one-step process, and it does
not use Mg as the reducing agent, which makes it
potentially cost effective compared to the Kroll or
other processes that use Mg to reduce TiCl4 or TiO2.
This is because Mg is one of the main cost factors in
the Kroll process. As mentioned above, the FFC
method can also be used for direct production of alloys,
potentially offering cost savings in another manner.
However, the FFC process also has challenges, includ-
ing low current efficiency and the possibility of incom-
plete/partial reduction of TiO2 [70,81]. The current
efficiency depends on many factors, including the para-
sitic reactions involving carbon and the formation of
calcium, which can dissolve into the salt near the end
of electro-deoxygenation. From an end-product quality
perspective, there is little published information to date
on the quality of the powders produced by using the
FFC process. Bertolini et al. [82] reported that powder
produced by the FFC process at a multiple kg scale had
0.29 wt-% O, 0.07 wt-% C, 0.014 wt-% Fe, 0.13 wt-%
Ca and 0.06 wt-% Cl, provided as an example of the
composition of Ti powder made from pure TiO2

using the FFC process. However, the report does not

necessarily represent the best capability of the process,
which is still under development.

Other examples of the electrolytic processing of
TiO2 in published reports include: the OS process,
based on the combination of the reduction of TiO2

by Ca and electrolysis to regenerate Ca in a molten
CaCl2 salt by Ono et al. [21,83–86]; an electrolytic pro-
cess using carbothermic reduction of TiO2 compound
and TixOyC as the anode [87–89], the electrolytic pro-
cess to convert titanium slag to liquid titanium metal
[90]; and the solid oxide membrane (SOM) process
using a solid-oxygen-ion conducting yttrium-stabil-
ised-zirconia membrane separating the anode from
ionic TiO2-containing flux (MgF2–CaF2–TiO2)
[91,92].

Yet another reported work is the electrolysis of tita-
nium oxycarbides (TiOxCy) [93] or oxycarbonitrides
(TiOxCyNz) [94] represented by the Chinuka process.
In this process, oxycarbide is used as the anode
material. The consumable anode materials of TiOxCy

or TiOxCyNz are oxidised to titanium ions and simul-
taneously CO evolves at the anode; thus titanium
ions are reduced to metallic titanium at the surface of
the cathode through electrolysis in molten salts.

Titanium powders made from Ti sponge, mill
products, or Ti scrap

Today, commercially available titanium powders are
mostly made using Ti sponge, Ti ingot, Ti mill pro-
ducts, or Ti scrap metals as the starting material.
Especially, commercially pure Ti (CP-Ti) powders are
available as HDH powder, while Ti alloy powders,
e.g. Ti–6Al–4V alloy, are made using the PREP, or
other atomisation methods. Brief descriptions of
these methods are as follows.

Hydride–dehydride

To produce HDH powder, either Ti sponge, Ti ingot,
mill products, or Ti scrap can be used as the raw
material [5,6]. When scrap metals are used, it may be
either CP-Ti or Ti alloys such as Ti–6Al–4V, and the
scrap must first be cleaned to remove foreign materials.

Figure 10. Illustration of the main processing steps of the FFC process.
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process, liquid TiCl4 carried by argon gas reacts with
magnesium vapour that is generated by vaporising
Mg wire to form a mixture of Ti, MgCl2, and Mg pow-
der. The product powder is removed from the gas
stream by an electronic precipitator, and Ti powder
product is further separated from Mg and MgCl2 by
either vacuum distillation or leaching. A drawback of
this process is that the size of the particles is in the
sub-micrometer range, which is too fine for capture
and separation. The fine powder also picks up a signifi-
cant amount of oxygen and nitrogen during subsequent
processing.

Yet another continuous two-step process was devel-
oped by Van Vuuren et al. [34]. In this process, TiCl4 is
partially pre-reduced by Ti powder or Mg to generate a
TiCl2-bearing MgCl2 solution. The TiCl2 is then
further reduced by molten Mg dispersed in the molten
MgCl2 to produce Ti powder. Some of the product is
recycled to the TiCl4 pre-reduction step, and the
remainder is withdrawn from the reactor to undergo
subsequent steps of sedimentation and distillation.
There are also many challenges for this process, one
of which is that the particle size of Ti powder produced
by this process is very fine, which makes it prone to
oxygen pickup [34].

Table 1 compares the major characteristics of differ-
ent processes based on the reduction of TiCl4 using Mg,
with those of the Kroll process.

Processes based on the reduction of TiCl4 using Na.
The most well-known process based on the reduction
of TiCl4 using Na is the Hunter process. The Hunter
process is similar to the Kroll process in that it is a ther-
mochemical process based on the reduction of TiCl4 to
produce Ti [36]. Similar to the Kroll process, the Hun-
ter process was commercialised during the middle of
the twentieth century, and for a considerable period

of time it was one of the two main commercial pro-
cesses for production of Ti. However, commercial pro-
duction of Ti sponge using the Hunter process has
gradually come to a halt over the years because it
became clear that the Hunter process is not economi-
cally competitive with the Kroll process. There are
many reasons for this, but a primary obstacle is that
to produce 1 mol of Ti by the reduction of TiCl4, it
takes 4 mol of Na, while only 2 mol of Mg are required
per mole of Ti. And, the production of Na by electro-
lysis is at least as costly as that of Mg. These issues
make Na processing more expensive than using Mg.

However, the Hunter process is also recognised as a
process that can be used to make not only Ti sponge,
but also Ti powder [29,37]. During the Hunter process,
TiCl4 and Na are placed in a reactor, either simul-
taneously, or TiCl4 is fed gradually into the reactor
where Na is already preloaded. The process is typically
carried out at temperatures above 800°C, at which Na
and NaCl are always in their molten state. Ti forms
at the surface of the molten pool, where TiCl4 gas con-
tacts with Na. Ti crystals then form and settle to the
bottom of the liquid pool. Depending on the oper-
ational parameters, some of the Ti particles will con-
nect and fuse together to form Ti sponge, while
others will settle as Ti powder. In fact, the process oper-
ating parameters may be adjusted such that most of the
Ti particles are separated from each other; therefore the
main product of the process is powder, rather than Ti
sponge. The NaCl also provides protection, preventing
the Ti particles from being exposed to air, and thus the
purity of the powder produced by the Hunter process is
often superior.

Typical particle sizes of Ti powder produced using
the Hunter process are −60 or −100 mesh. However,
there is a substantial fraction (12–19%) of fine powders
that will fall through −325 mesh. Oxygen, nitrogen,

Figure 5. SEM micrographs of CP-Ti or Ti–6Al–4V powders by different processes: (a) Kroll (sponge fine), (b) Armstrong, (c) HAMR,
(d) FFC [64], (e) HDH, (f) PREP and (g) plasma atomisation.
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Plasma rotating electrode process

Production of spherical Ti powder

Making spherical powder is not a specific processing
technique. However, it is singled out here because it
is in high demand for AM using selective laser sintering
or electron beam sintering techniques. Titanium alloy,
Ti–6Al–4V in particular, is one of the prime examples
of AMmetals. AM is a manufacturing technique that is
most valuable for making complex shaped parts or sys-
tems that are custom designed for special applications
which do not need large quantities of material or large
production runs. These features match well with the
characteristics of Ti alloys, because Ti is mostly used
for applications with unique and stringent require-
ments that only Ti can meet. Examples include aircraft
components and biomedical implants that are custom
made for each individual patient. Spherical powders
are also necessary for MIM with Ti alloys. As a forming
technique, both AM and MIM of Ti are described later
in this article.

Characteristics of powder that are important for AM
and/or MIM include particle size and size distributions,
morphology, tap density, flowability, uniformity of
alloying composition, and low interstitial impurity
elements, including oxygen, carbon, and nitrogen.
Table 5 lists chemical properties of powder, as required
by various industrial standards [115–119].

In general, spherical Ti powders that are available in
the marketplace today are made by either atomisation
methods or plasma spheroidisation of non-spherical
powders. Atomised Ti powder can be made by all of
the atomisation techniques mentioned above. How-
ever, the published literature suggests that several tech-
niques are primarily being used: PREP, GA, CCGA,
EIGA, and plasma atomisation. These techniques are
discussed in section ‘Atomization’. A key consideration
for selecting one technique over another is the yield of
the powders that meet the requirements for size and
size distributions for AM or MIM. The required

particle sizes are generally in the range of <45 μm for
MIM or AM based on selective laser sintering, and
45–106 μm for AM based on electron beam processes.
One of the key advantages of using the PREP process is
to avoid using nozzles that are often made from high-
temperature ceramic materials. Ceramic inclusions
from the erosion of the nozzles must be avoided for
Ti alloys.

There has been some reported research effort
towards making spherical Ti powder more affordable.
Among these efforts, the plasma spheroidisation of
powders is a relatively new but popular technique
[120]. Plasma spheroidisation of powders has been
applied to a variety of different powders, including
refractory metals such as tungsten [121]. During
plasma spheroidisation, the metal powder is melted
by a plasma torch and forms molten droplets, which
solidify to form spherical solid powder before reach-
ing the bottom of the reactor chamber [121]. A unique
characteristic of plasma spheroidisation is that the
particle sizes do not change during plasma processing.
Plasma-spheroidised particles typically have the same
nearly perfect round shape as the other atomised pow-
ders [6,122]. Another example is a continuous
method during which low-cost Ti sponge fines,
HDH powder or electrolytically produced Ti and
alloy powders are fed through a plasma transferred
arc torch to make spherical alloy powder [88]. In
addition to spheroidising, or producing, particles in
the molten state, there are reports on modifying par-
ticle shape in the solid state by mechanical means
[123,124]. The flowability of irregularly shaped pow-
ders was reportedly improved by removing sharp
angles on the particles through high-speed blending
or high shear milling.

Recently, a new approach, called granulation-sinter-
ing-deoxygenation (GSD), for making spherical Ti
powder was developed by Fang et al. [125,126]. Using

Figure 12. Schematic diagrams of (a) GA process and (b) PREP.
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Powder characteristics for the green compact

• Aspect	#	1:	packing	factor

for	particles of	the	same size
dense packing: PF = 0.635-0.64
loose packing: PF = 0.57-0.61

shape effect
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9.4.2.1 Monosize Particles
Dense random packing of monosize spheres has been studied experimentally by shaking hard 
spheres in a container. The upper limit of the packing density consistently ranges from 0.635 to 
0.640 [18]. Computer simulations give a value of 0.637 [19]. The maximum packing density for ran-
dom packing of monosize spheres is predicted to be independent of the sphere size, and this predic-
tion has been veri!ed experimentally. For loose random packing of monosize spheres, theoretical 
simulations as well as experiments give packing densities in the range of 0.57– 0.61.

In the case of dense random packing of monosize spheres, calculations show that "uctuations in 
the packing density become weak beyond a distance of three sphere diameters from the center of 
any given sphere. For density "uctuations existing over such a small scale, uniform densi!cation 
may be achieved during sintering of the green article. Therefore, the production of regular, crystal-
like particle packing, achievable at present only over very small domains, may, after all, be unneces-
sary from the point of view of ceramic processing.

 Powders used in the industrial production of ceramics very rarely have spherical particles, and 
the particle surface is rarely smooth. Particles with rough surface textures or shapes suffer from 
a greater degree of agglomeration because of higher interparticle friction. The packing density 
decreases as the particle shape departs from that of a sphere (Figure  9.14). Spherical particles are 
normally desirable when a high packing density is required. However, the use of nonspherical par-
ticles does not always lead to a reduction in the packing density if the particles have a regular geom-
etry. The highest packing density and most isotropic structures are obtained with spheres and with 
particles having simple, equiaxial shapes (e.g., cubes). Anisometric particles can be packed to high 
packing density if they are ordered, but in random packing, the packing density can be quite low. 
Table  9.4 provides a comparison of the dense random packing density for various particle shapes.

9.4.2.2 Bimodal Mixtures of Spheres
The packing density of an arrangement of spheres in dense random packing can be increased 
by !lling the interstitial holes with spheres that are smaller than those of the original structure 
(Figure  9.15a). For this type of random packing of a binary mixture of spheres, the packing den-
sity is a function of (1) the ratio of the sphere diameters and (2) the fraction of the large (coarse) or 
small (!ne) spheres in the mixture. By !lling the interstitial holes with a large number of very !ne 
spheres, we can maximize the packing density of the binary mixture. Starting with an aggregate 
of coarse spheres in dense random packing, as we add !ne spheres, the packing density of the mix-
ture increases along the line CR in Figure  9.16. A stage will be reached when the interstitial holes 
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FIGURE  9.14   Packing density versus relative roundness for randomly packed monosize particles. (From 
German, R.M., Particle Packing Characteristics , Metal Powder Industries Federation, Princeton, NJ, 1989. 
With permission.)
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between the coarse spheres are !lled with !ne spheres in dense random packing. Further additions 
of !ne spheres will only serve to expand the arrangement of coarse spheres, leading to a reduction 
in the packing density. Assuming a packing density of 0.637 for dense random packing, the volume 
fraction of interstitial holes in the original aggregate of large spheres is (1  –   0.637) or 0.363. At the 
maximum packing density of the binary mixture, the interstitial holes are !lled with a large number 
of !ne spheres in dense random packing. The maximum packing density is therefore (0.637  +  0.363  
×   0.637)  =  0.868. The fractional volumes occupied by the coarse spheres and !ne spheres are 0.637 
and (0.868  –   0.637  =  0.231), respectively. The fraction (by weight or volume) of coarse spheres in the 
binary mixture is 0.637/0.868 or 0.733.

In an alternative approach, we can increase the packing density of an aggregate of !ne spheres 
in dense random packing by replacing some of them and their interstitial holes with coarse spheres 
(Figure  9.15b). In this case, the packing density of the mixture will increase along the line FR in 
Figure  9.16. The intersection at R of the two curves CR and FR represents the state of optimum 
packing. Figure  9.16 also shows the experimental data of McGeary [20] for binary mixtures of 
spherical steel particles with different size ratios. (McGeary assumed a packing density of 0.625 for 
dense random packing of monosize spheres.) As the ratio of the diameter of the coarse sphere to the 
!ne sphere increases, the data move closer to the theoretical curve. This is illustrated more clearly in 
Figure  9.17, which shows McGeary’ s data for dense random packing of binary mixtures of spheres. 
The packing density increases as the size ratio increases to ~10– 12, but is relatively unchanged at 
higher size ratios. A change of behavior is apparent for a size ratio of ~7, which corresponds to the 
size of a small sphere that just !ts within the triangular pore between the coarse spheres.

TABLE  9.4 
Dense Random Packing Density for Various Particle Shapes

Particle Shape Aspect Ratio Packing Density

Sphere 1 0.64
Cube 1 0.75
Rectangle 2:5:10 0.51
Plate 1:4:4 0.67
Plate 1:8:8 0.59
Cyclinder 5 0.52
Cyclinder 15 0.28
Cyclinder 60 0.09
Disk 0.5 0.63
Tetrahedron 1 0.5

(a) (b)

FIGURE  9.15   Increase in packing density achieved by (a) !lling the interstices between large spheres with 
small spheres and (b) replacing small spheres and their interstitial porosity by large spheres.



for	particles	with	different	size

best	condition:	15	>	ac/af >	7



• Aspect	#	2:	alloying	in	PM



Suspensions

suspension = biphasic system constituted by a liquid and a solid

Agglomeration Stabilization

rigid system

plastic (deformable)	system

Possible configurations



Double electrical layer

electrical potential (Gouy-Chapman)

  ψ =ψ 0 e
− x κ −1( )

εr

concentration (molarity)	=	Ni

or	Stern	layer

or	Gouy-Chapman layer

Zi =	ion charge

ψo=	surface potential

the majority of the 
systems are 

negatively charged
on the surface
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κ-1 =	distance at which ψ =	ψ0/2.718	=	Debye length (κ =	Debye-Huckel parameter)

Faraday	constant
F =	NA e- =	9.649	x	104 C	mol-1

Permittivity of	vacuum
ε0 =	8.854	x	10-12 C2 J-1m-1

Boltzman constant
kB =	1.381	x	10-23 J K-1

  
κ −1 =

ε r ε0 NA kBT
F 2 Ni Zi

2∑
⎛

⎝
⎜

⎞

⎠
⎟

0.5

Ni,	Zi =	molarity and	valence of	any ion type in	the	solution

ionic	strength



Zeta potential

    
ζ =

fH ηνe
εr ε0E

viscosity

νe/E	=	elettrophoretic mobility (measured independently)

fH =	1	if a/κ-1 =	0
=	1.5	if a/κ-1 =	∞ (a	=	particle radius)

ζ =	electrical potential on	the	shear plane

the zeta potenzial, ζ, 
is an index of the 

electrical potential (ψ) 
gradient



νe

E

elettrophoresis

undisturbed particle particle in	motion

ψ ≈ 0 ψ = ζ

solid solid

ψ = ψ0



• influence of ions in solution

• if N increasesκ-1 decreases

• if Z increasesκ-1 decreases
and	ζ decreases,	too



Surface charge origin

• desorption &	dissolution of	ions (clays – isomorphic substitution of	Si	&	Al)

example: kaolinite Si4+(network)� Al3+(network) +	K+(surface)
Si4+(network)�Mg2+(network) +	2	K+(surface)

weakly bonded

in	water K+

K+

K+-
-

- -- -
-

-
K+



• chemical reactions with	aqueous medium

MOH(surface) +	H+(solution) MOH2
+
(surface)

MOH(surface) MO-(surface) + H+	(solution)

 
K1 

 K2

 

Example:	alumina

low	pH high	pH

+

+

-

-

releasing	H+adsorbing	H+



point of	zero	charge =	PZC	= pK1
−1 + pK2

2
acid-base	character	of	the	surface
(K1	and	K2	depend	on	the	material)

Al2O3
IEP	=	9

=	isoelectric point	=	IEP

SiO2
IEP	=	2

pH	<	2

pH	>	2



acidic-basic characteristics of surfaces

if pH > IEP ¢ the 
surface charge is

negative

net	positive
charges

net	negative	
charges



Stability of suspensions

interaction between two colloidal particles in	suspension

DLVO	(Derjaguin e	Landau	/	Verweij e	Overbeek)	theory

2R

Hattraction: Van del Waals force

Ah = Hamaker constant ≈ 10-20 J

repulsion: interaction between double electrical layers
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UA = −Ah R
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� 

FA = −Ah R
12H2
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R/k-1 <	5



UT =	UA +	UR

UT (kT) 2 R (µm)

particles size

UT (kT)

N (mole/l)

polyvalent ions

H	(µm) H	(µm)

concentration of the solution

repulsive	barrier

10-6



UT

� concentration &	valence
  ψ0
  R

deflocculated

flocculated



Coagulation (not desired in	ceramic systems!)

• ζ <	20	mV (Brownian motions)

• presence of	ions: Li+	>	Na+ >	K+ >	NH4+
Mg2+	>	Ca2+ >	Sr2+ >	Ba2+
I- >	SO42- >	Cl- >	F- >	NO3-

coagulant agents

CaCl2, CaCO3, MgCl2, MgSO4, FeCl3, AlCl3

adsorbtion	tendency

Li
+

K+

coagulation	power
solvation	cloud	+	polarizability



Deflocculation – stabilization of	colloidal suspensions
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when compared with air or vacuum (ε 3   =  1). Table  6.2 also gives the Hamaker constants calculated from 
the Lifshitz theory for several ceramic materials when the intervening medium is water.

6.4 STABILIZATION OF COLLOIDAL SUSPENSIONS

Consider a suspension of colloidal particles. The particles undergo Brownian motion (similar to 
the motion of pollen in a liquid) and will eventually collide. The potential energy of attraction V A   
between two particles with radius a  and a distance h  apart is given by Equation  6.13. Assuming that 
this equation is valid down to contact between the particles, then we can calculate V A   by putting 
h   ≈   0.3  nm. Taking A   ≈   10– 20  J, for particles with a radius a    =   0.2  µ m, V A   has a value of ~5  ×   10– 19   J. 
The thermal energy of the particles is kT , where k  is the Boltzmann constant and T  is the absolute 
temperature. Near room temperature (T   ≈   300  K), kT  is of the order of 4  ×   10– 21   J, and this value is 
much smaller than V A   for the particles in contact. Thus, the particles will stick together on collision, 
because the thermal energy is insuf!cient to overcome the attractive potential energy. Flocculation 
will therefore occur, unless some method is found to produce a repulsion between the particles that 
is suf!ciently strong to overcome the attractive force. There are several ways of achieving this, but 
the most commonly used are (Figure  6.4):

 1. Electrostatic stabilization, in which the repulsion between the particles is due to electro-
static charges on the particles
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FIGURE  6.4  Schematic representation of (a) electrostatic stabilization for negatively charged particles; (b) 
steric stabilization; (c) electrosteric stabilization. (From Napper, D.H., Polymeric Stabilization of Colloidal 
Dispersions , Academic Press, New York, 1983. With permission.)

• electrostatic stabilization
when ζ >	20	mV

• steric stabilization
adsorbtion of	polymers/surfactants

• electrosteric stabilization
adsorbtion of	polyelectrolytes



electrostatic stabilization
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6.5.7 KINETICS OF FLOCCULATION

Flocculation is a kinetic process, and the rate at which a colloidal suspension !occulates forms one 
of its most important characteristics. Smoluchowski (1917) distinguished between rapid !occulation 
and slow !occulation, and developed a theory based on the rate of collision between the particles [2]. 
Rapid !occulation is considered to take place in the absence of a potential barrier, and is limited only 
by the rate of diffusion of the particles toward one another. The !occulation time, de"ned as the time 
t 1/2  required for the number of particles to be reduced by one-half of the initial value, is given by

 t
kTno

1 2
3

4
/ = η

 (6.54)

where:
 η  is the viscosity of the liquid
 k  is the Boltzmann constant
 T  is the absolute temperature
 n o   is the particle concentration (number per unit volume)

For particles of radius a  in water, Equation 6.54 becomes:

 t
no

1 2

112 10
/ ≈ ×

seconds  (6.55)

where n o   is expressed in units of number per cubic centimeter. The particle volume fraction f  is 
related to n o   by the relation n o     =   f /(4π a 3 /3), so Equation  6.55 can also be written:

 t
a
f

1 2

3

/ ≈ seconds   (6.56)

where a  is expressed in micrometers (µ m).
 For slow !occulation in the presence of a potential barrier, analysis leads to

 R R Ws f= /   (6.57)
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FIGURE  6.17  Schematic diagram showing the regions of stability and !occulation for an Al2 O3  suspension. 
The arrows indicate two ways to destabilize the suspension by changing the pH or the ionic concentration. 
(From Gauckler, L.J. et al., Mater. Chem. Phys ., 61, 78, 1999. With permission.)
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steric stabilization:	adsorbtion of	specific polymers /surfactants with	high	MW	(>106)

ΔGsteric(∞èd)	=	ΔGmix +	ΔGentr

d





electrosteric stabilization:	adsorbtion of	ions /	polyelectrolites
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deflocculant agents



• powder

• solvent

• dispersant

• binder

• plasticizer

• lubricant

• others

Slurries and pastes
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All of these types of additives are not used in every forming method. Table  8.1 gives the types of 
additives used in some of the common forming methods and the approximate quantity of each addi-
tive used. The speci!c amount of each additive used in a given process can vary widely, depending 
on a variety of factors such as particle size of the ceramic powder and the composition and molecu-
lar weight of the additive.

8.3 SOLVENTS

Liquids may be classi!ed simply into two groups, aqueous and organic (or nonaqueous), but a 
more useful classi!cation is in terms of the electrical polarity of the molecules: (1) nonpolar (or 
slightly polar), (2) polar, and (3) hydrogen bonding. Intermolecular forces in a nonpolar liquid 
are small and the attraction of nonpolar molecules to a surface is both small and nonspeci!c, 
so there is no speci!c orientation of the molecules at the interface. Polar molecules have strong 
electric !elds between any bond involving atoms that are far apart in the periodic table (atoms 
with widely different electronegativity). Polar molecules tend to orient themselves with respect 
to each other, forming association groups that are the lowest energy con!gurations consistent 
with their geometry and thermal motion. Polar groups interact more strongly with a polar sur-
face than nonpolar groups of the molecule. Adsorption of the polar groups onto a particle surface 
typically leads to a coated surface with a nonpolar exterior. Hydrogen bonding, well known in 
water, occurs when a hydrogen atom in a polar bond comes near an atom with an unshared pair 
of electrons.

Although often not considered speci!cally as an additive, liquids serve two major functions:

 1. They provide a dispersion medium and "uidity for the powder during mixing and forming.
 2. They serve as solvents to dissolve the additives to be added to the powder, providing a 

means for uniformly dispersing the additives throughout the powder.

TABLE  8.1 
Examples of the Main Additives Used in the Common Ceramic Forming Methods and 
Their Approximate Concentrations (in vol.%) Based on the Feed Material Used in the 
Method

Forming Method Solvent Dispersant Binder Plasticizer Other Additives 

Dry Pressing 
Die compaction — — < 5 < 2−3 < 1a 

Isostatic compaction — — < 5 — —

Slurry-Based Methods 
Slip casting 50−60 < 0.5−2 < 0.5−1 — — 

Tape casting 50−60 < 0.5−2 10−15 5−10 < 1–2b 

Plastic Forming Methods 
Extrusion 30−40 < 0.5−2 5 1 < 1−2a 
Injection molding — — 25−30 5−10 < 2−5a 

Note: The actual concentration in a given forming method can vary widely, depending on factors such as the particle size of 
the powder and the composition and molecular weight of the additive.

a  Lubricant.
b  Wetting agent; homogenizer; antifoaming agent.

!!

!!



Rheology of ceramic systems

DPS = degree of pore saturation = 
volume of liquid / volume of pores

DPS	<	1 DPS	=	1 DPS	>	1

Principles of ceramics processing, 2nd ed., J.S. Reed, J. Wiley & sons, 1995

system reology DPS
powder elastic 0
granulated	powder elasto-plastic <<1
paste	or	plastic mix elasto-plastic <1
slurry viscous >1



DPS < 1

• interaction among particles (friction lubricant)

tensile	test
alumina +	14%	(binder+plasticizer)energy & forces for the deformation

(elastic & plastic)

elasto-plastic
behaviour

Fundamental parameters:
- elastic modulus (elastic recovery)
- yield stress	(deformability)
-maximum	deformation (cracks)



DPS ≥ 1

viscosity :	
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relatively concentrated suspensions
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particles bonded by large 
molecules (polyelectrolytes)

viscosity of the 
suspension

desired situation



apparent	viscosity:
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ηa = τ 0

dγ
dt 0

collisions	&	interaction	among	particles

A-D



pressing - granulated	powder

extrusion,	injection	moulding - ceramic	paste

tape	casting,	slip	casting - ceramic	suspension

Forming technologies from powders

powder
solvent

additives

water, organic solvent

deflocculant, binder,
plasticizer, lubricant

formability



Pressing or die compaction

filling shoe
punch

mould

ease of	flowing &	filling
plastic deformability

p =	20-100	MPa

granules



Granulation

• direct granulation (pellettization)

water	jet

granules

powder

500	µm

irregular shapes and	distributed sizes



• spray	drying

feed =	suspension
product =	granulated powder

regular	shapes and	well distributed sizes



0%	binder

ΔT ΔT

1%	binder

ΔT ΔT

4%	binder

ΔT ΔT

Granules shape

plastic deformability during pressing
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   The glass transition temperature T g   of a binder, as discussed in Chapter  8, marks the 
transition of the binder from a soft, rubbery state to a hard, glassy state. If its T g   is well 
above room temperature, the binder will be in a hard, glassy state, which can lead to 
the formation of hard granules. A binder with a T g   near or below room temperature is 
often desirable for the preparation of granules with moderate hardness. As discussed in 
Chapter  8, a plasticizer can be used to reduce the T g   of the binder.

 2. Granule morphology: It is possible to form solid or hollow granules with the same particle 
packing density by adjusting the colloid stability and particle concentration of the suspen-
sion. However, a partially !occulated suspension and, to a lesser extent, a lower particle 
concentration are often more favorable for the formation of solid granules. As drying pro-
ceeds by evaporation from its surface, the droplet shrinks due to the capillary stress of the 
liquid–vapor meniscus and liquid !ows to the outer region of the droplet. For a stable sus-
pension, the well-dispersed particles can migrate with the liquid, resulting in the formation 
of an outer layer with a high packing density and leaving an internal void (Figure  9.4a). 
One side of the granule may collapse inward, leaving a crater. In comparison, the !ocs in 
a partially !occulated suspension are less mobile and migrate more slowly with the liquid 
during drying of the droplets, resulting in solid granules (Figure  9.4b).

 3. Particle packing homogeneity of granule: Migration of organic binder molecules to the 
surface of the drying droplets may also occur, particularly for lower molecular weight 
binders. As the liquid evaporates, the binder molecules remain at the surface, forming a 
surface-segregated layer after the granules are dried (Figure  9.5). This layer remains after 
compaction of the granules and leads to regions of low particle packing density after binder 
burnout. Such regions are more dif"cult to densify during sintering. They can lead to the 
formation of strength-limiting !aws that lower the mechanical reliability of the fabricated 
article. Higher molecular weight binders migrate more slowly and can reduce the amount 
of segregated binder at the surface of the granules. 

Evaporation of liquid
from droplet surface

+
Migration of liquid

and particles toward
surface

Evaporation of liquid
from droplet surface

+
Migration of liquid

toward surface

Crater

Hollow granuleDroplet
(a)

(b)
Droplet Solid granule

FIGURE  9.4  Model for the formation of (a) hollow granule from a stable suspension of well-dispersed par-
ticles (a crater may form by collapse of the granule shell during drying) and (b) solid granule from a partially 
!occulated suspension.
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complicated	shapes
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¾ Immagini ottenute al SEM 

Esaminando le prime immagini ottenute con un ingrandimento 100x è possibile evidenziare le differenze 
microstrutturali in funzione della pressione di compattazione. Quando le pressioni sono relativamente basse i 
granuli sono ancora ben definiti, la porosità è elevata e quindi la struttura risulta ancora poco densa. Inoltre è 
ancora possibile notare della porosità all’interno dei granuli. Invece, con pressioni molto più elevante i granuli 
iniziano a deformarsi plasticamente e diminuisce notevoltemente la porosità. La struttura granulare diventa 
meno visibile.   

 

 

 

 

Aumentando l’ingrandimento (figura 8 (a) e (b)), è ben visibile la struttura tipica di tetracaidecaedro dei 
granuli. La sinterizzazione della Zirconia è di tipo “solid-state sintering”. I meccanismi di diffusione sono 
attivati ad alte temperature e favoriscono la riduzione di porosità. Quest’ultima però non è totalemente 
eliminata anche con alti valori di pressione di compattazione.  

 

 

 

(a). 10MPa.  (b). 30MPa.  

(c). 70MPa.  (a). 90MPa.  

Figura 7(a), (b), (c) e (d). Fotografie ottenute dal SEM con ingrandimento 100x. 

pressing	of	3	mol%	Y2O3	– 97	mol%	ZrO2	granules



Pressure distribution

p =	8.83	MPa

p =	200	MPa

pressure	(MPa) density (%)
132

without lubricant

density gradients →	differential springback →	failures!!



density gradients:

• absence of	lubricant (B,	C)
• uneven filling (B)
• L/D	>	2	(A,	B)
• too high	compaction
(spingback)	(A,	B,	C)

D

L

OK

A B C



Cold isostatic pressing

é limited pressure gradients

ê limited geometric shapes

p	≤	100	MPa

flexible mould
(siliconic rubber)

liquid (oil)flexible cylinder
(siliconic rubber)

p	≤	500	MPa



Slip casting

suspension
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is used as the mold material. Most molds are multipiece items that must be assembled
before casting. The mold porosity may be varied to control the casting rate. The rather
complex ceramic shapes that may be produced by means of slip casting include 
sanitary lavatory ware, art objects, and specialized scientific laboratory ware such as
ceramic tubes.

Drying and Firing
A ceramic piece that has been formed hydroplastically or by slip casting retains signifi-
cant porosity and has insufficient strength for most practical applications. In addition, it
may still contain some of the liquid (e.g., water) that was added to assist in the forming
operation. This liquid is removed in a drying process; density and strength are enhanced
as a result of a high-temperature heat treatment or firing procedure. A body that has
been formed and dried but not fired is termed green. Drying and firing techniques are
critical inasmuch as defects that ordinarily render the ware useless (e.g., warpage, distor-
tion, and cracks) may be introduced during the operation. These defects normally result
from stresses that are set up from nonuniform shrinkage.

Drying
As a clay-based ceramic body dries, it also experiences some shrinkage. In the early

stages of drying, the clay particles are virtually surrounded by and separated from one
another by a thin film of water.As drying progresses and water is removed, the interpar-
ticle separation decreases, which is manifested as shrinkage (Figure 14.23). During dry-
ing it is critical to control the rate of water removal. Drying at interior regions of a body
is accomplished by the diffusion of water molecules to the surface, where evaporation
occurs. If the rate of evaporation is greater than the rate of diffusion, the surface will dry
(and as a consequence shrink) more rapidly than the interior, with a high probability of
the formation of the aforementioned defects. The rate of surface evaporation should be
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Figure 14.22 The steps in (a) solid and 
(b) drain slip casting using a plaster of Paris
mold.
(From W. D. Kingery, Introduction to Ceramics.
Copyright © 1960 by John Wiley & Sons, New York.
Reprinted by permission of John Wiley & Sons, Inc.)
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for the production of short tapes in the laboratory, the blade is commonly pulled over a stationary 
surface. Drying occurs by evaporation of the solvent to produce a green tape, consisting of particles 
bonded by polymeric processing additives, that adheres to the carrier surface. The !exible green 
tape can be stored on take-up reels, or stripped from the carrier surface and cut into the desired 
lengths for subsequent processing. Figure  10.18 summarizes the steps in the production of an MgO-
doped Al2 O3  substrate by tape casting.

10.3.3.1 Slurry Preparation
The preparation of the slurry is a critical step in the tape casting process. The factors that gov-
ern the selection of solvent, dispersant, binder, plasticizer, and other additives were described in 
Chapter  8. Most tape casting operations currently use organic solvents, but the trend is toward 
greater use of aqueous solvents. In addition to the ability to dissolve the processing additives, 
selection of a solvent is dependent on the thickness of the tape to be cast, the drying rate of the 
tape, and the surface on which the tape is cast. In laboratory batch casting, thin tapes can be cast 
from highly volatile solvent systems, whereas thicker tapes (> 0.25  mm) can be cast from slower 
drying solvents. For continuous casting in industry, the drying rate is an important consideration, 
because the tape should be dry prior to being rolled up and stored on take-up reels for subsequent 
processing.

a: 0.025 MPa
b: 0.1 MPa
c: 0.2 MPa
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FIGURE  10.16  Thickness of cast vs. time for (a) slip casting and (b–f) pressure casting of Al2 O3  under the 
pressures shown.
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FIGURE  10.17  Schematic diagram of the tape casting process.
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Additive manufacturing
New	technologies:
• rapid prototyping
• solid freeform fabrication
• additive	manufacturing	or	three-dimensional (3D)	printing	
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11.2 POWDER METHODS

11.2.1  SELECTIVE LASER SINTERING

In selective laser sintering (SLS), parts are built layer by layer by scanning a laser beam over a thin 
layer of powdered material [1]. For polymers and some metals, interaction of the laser beam with 
the powder raises the temperature to the point of softening or melting. This leads to particle bond-
ing and fusion of the particles to themselves, as well as to the previous layer, to form a solid phase 
with the requisite structure. Ceramic particles, as mentioned earlier, cannot be formed directly into 

TABLE  11.1 
Additive Manufacturing Techniques Used for Forming Ceramics Classified in Terms of the 
Feed Material Used

Feed Material Method Process 

Powder 
Powder-binder mixture or binder-

coated powder
Selective laser 
sintering (SLS)

Laser beam scanned on layer of material to soften 
binder and bind particles 

Powder or dried powder from a 
slurry

Three-dimensional 
printing (3DP)

Binder solution sprayed on powder bed to bind 
particles

Particle-Filled Polymer 
Particle-!lled polymer !laments Fused deposition 

modeling (FDM)
Extrusion of softened !laments through a heated 

nozzle
Tape-cast sheets Laminated object 

manufacturing (LOM)
Sheets cut by laser beam and stacked

Suspension, Slurry, or Paste 
Particles dispersed in monomer 

solution
Stereolithography Laser beam scanned on suspension to polymerize 

monomer solution
Moderately dilute suspension 

stabilized with organic additives
Inkjet printing Printing of droplets from printer nozzle followed by 

drying by evaporation
Concentrated slurry or paste 

stabilized with organic additives
Robocasting Extrusion of slurry or paste through a nozzle followed 

by drying or gelation
Concentrated slurry or paste 

stabilized with organic additives 
Freeze extrusion 
fabrication (FEF)

Extrusion of slurry or paste through a nozzle and 
freezing in a cold chamber

1. Model or CT image

2. CAD file creation

4. As-formed object

3. Additive
manufacturing

machine

FIGURE  11.1   Basic approach of additive manufacturing.
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Selective laser sintering

porous. The porous voids can be filled using molten metals
and form metal-ceramic composite functional parts [27].

2.5 Powder bed fusion process

Powder bed fusion (PBF) is the process where the powder
particles are fused together selectively on the powder bed
[13]. The fusing of the powder particles usually happens by
focusing laser beams through a deflection Galvano mirror by
scanning each layer according to the sliced pattern of the 3D
model. The successive powder layer thickness can vary from
20 to 200 μm depending upon the particle size. Figure 6 rep-
resents the layout of the PBF process.

The process of fusing, also called a binding mechanism, is
classified into mainly four types [29]: (1) solid-state sintering,
(2) chemically induced binding, (3) liquid-phase sintering
(partial melting), and (4) full-state melting.

i) Solid-state sintering (SSS) SSS is a thermal process that fuses
the adjacent powder particles at 75% of the melting tempera-
ture. Many kinds of materials can be processed using SSS.
However, preheating of the materials is required in this pro-
cess to increase the diffusion rate of the atoms and keep in
pace with the laser scanning velocity.

ii) Chemically induced binding In this process, the interaction
between the laser and the material is very short and avoids the
diffusion process unlike what happens in SSS. When the ce-
ramic particle, say SiC, is subjected to high temperature, the
partial disintegration of Si and C occurs. The free Si forms SiO2
due to oxidizing and acts as a binder between the SiC particles.
After the infiltration using Si, a fully densified SiC is formed.

iii) Liquid-phase sintering (partial melting) This process is for
a different binder and structural material where mostly metals

are used as the binder particles and are smaller than the struc-
tural material. The technologies can be differed as per the
structural material grain types that are used. For separate
grains, as the binder material grains are smaller than the struc-
tural ones, there occur only small pores and the rearrangement
of particles takes place through the capillary forces that cause
movement of particles. For composite powder grains, they
contain both binder and structural material within each indi-
vidual powder grain. The composite grains result in higher
green part density and lower surface roughness values. The
third kind of powder particles is coated grains, where the
structural material is coated with the binder material to ensure
that the laser radiation is absorbed by the binder coating, lead-
ing to an effective bonding of the structural particle. This
process is called partial melting because of the indistinct melt-
ing of the binder and the structural particles, where only the
grains shell surface is molten.

iv) Full melting In this process, the structural material is
completely melted by the laser beam and fused to form fully
dense objects. This process is mainly used for metallic and
ceramic materials [30].

Selective laser sintering Selective laser sintering (SLS) pro-
cess can be implemented in two approaches to fabricate ce-
ramic parts, i.e., direct SLS and indirect SLS. For the indirect
SLS process, the laser beam hits the ceramic particles and
results in solid-state sintering. Using direct sintering, the parts
can be fabricated directly, but the high performances are not
achievable. Several investigations were carried out to fabricate
dense ceramic components through SLS processes. By using
isostatic polypropylene (pp) as the binder phase for high pu-
rity α-alumina structural component and preheating the pow-
der bed temperature just below the melting temperature of the
binder, the green parts were fabricated [31]. In another study, a

Fig. 6 Powder bed fusion (PBF)
process
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Binder jetting

binder resin but also the ink like conventional 2D printers. For
HPC, the BJ process is an indirect fabrication method where
initially the powder particles are bonded using a binding ma-
terial such as epoxy resin and starch, followed by sintering at
very high temperatures causing the binding material to burn
off while the structure material is bonded in multiple dimen-
sions. This process also gives the flexibility of using different
powders together to produce composites. Figure 3 depicts the
layout of the BJ system.

Process parameters The BJ printing parameters are adjusted
before initiating the print. The parameters like binder selec-
tion, layer thickness, heater temperature, spreading speed,
binder saturation, and overhead heater travel speed are entered
coded into the program based on the precursor powders
instructed by the system developers [18]. In material selection
and preparation, the material is put into the vessels and their
height is adjusted. Then, let the printing process begin. During
this process, a slight disturbance in the paving of layers can
lead to catastrophic results. Hence, the layer resolution is de-
termined to be set accordingly and the environment has to be
undisturbed until the printing process ends. In BJ process,
there are two methods of spreading the powder—either by
using a blade, or by using a roller shaft. The roller shaft meth-
od has proven to be a more efficient way to spread the low
mobility powder in high density and with consistent layer
thickness. After the printing process, the green parts are care-
fully taken out of the system and depowdered and sometimes
infiltrate filling agents (for example, wax and resin) to enforce
of the parts.

Heat treatment and post-processing The ceramic green parts
obtained after fabrication are necessary to be sintered under
controlled temperatures to allow the objects to achieve their

highest mechanical properties. The density of the final parts is
dependent on the sintering time and temperature. For alumina
material, the hardness was increased more than 6 times when
the sintering time was increased from 2 to 16 h [19]. The BJ
process is also not limited by any thermal effects, such as layer
warping. The roughness and the porosity of the final objects
are relatively higher than the ones obtained through VP pro-
cesses. To fill the pores, post-processing steps could involve in
infiltrating the porous objects to a solution in order to strength-
en the parts [20]. The surface roughness can be improved by
manual operations like sanding or grinding.

2.3 Material jetting

Material jetting (MJ) is a process in which droplets of the build
material are selectively deposited [13]. The droplets are usu-
ally the combination of the molten thermoplastic suspension
or wax along with the structure material. The droplets are
deposited onto the surface continuously forming filament-
like structures. MJ systems usually comprise of inkjet or sim-
ilar cartridges, which have thousands of micro-size nozzles
and deposit strings of droplets onto the build surface as per
the layer pattern that is fed by the slicing software. The depos-
ited droplets agglomerate the build material and solidify by
cooling or by exposure from an external light source. Figure 4
represents the schematic layout of the MJ process.

There were several studies and publications that used
inkjet technology with thermal drop-on-demand (DOD)
to produce ceramic objects [21, 22]. The DOD is also
achievable through piezoelectric technology to produce
3D structures [23]. The rheological characteristics of the
ink are defined by the Reynolds, Weber, and Ohnesorge
numbers (Re, We, Oh). Based on study of drop formation,
generator, depositor, and the refilling system, the shape and

Fig. 3 Layout of binder jetting
(BJ) process
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Fused deposition modeling – fused filament modeling - robocasting

regulated flexibly by layer level. The solidification in this
process is independent of the powders’ physical properties
as the solidification is dependent on the viscosity of the sus-
pension while cooling down.

Heat treatment and post-processing The green bodies formed
using MJ processes consist of wax or solvent that is necessary
to be removed prior to the sintering process. The dewaxing is
done by various processes like drying in the dry chamber
under a controlled temperature for a certain time or putting
inside the carbon black powder that can remove wax through
capillary action [26]. After dewaxing, the objects are sintered
at high temperature based on the filling material type. The
sintering action is generally held for a certain time to burn
the residual wax or any high molecular weight surfactant res-
idues, followed by heating to the maximum temperature of the
structure material in consecutive steps. Post-sintering, the ob-
jects obtained are tend to achieve highly dense ceramic
components.

2.4 Material extrusion process

Material extrusion (ME) process is an AM process where the
raw material is extruded through an orifice. This is the most
common and economic AM process available [13]. ME sys-
tems are easy and less expensive to build. The materials used
in ME processes can be classified into fused- or non-fused-
type materials. For infused-type materials, the state of the
material changes during the process, for example, solid to
viscous paste and then viscous paste to solid. The solid mate-
rial is fed through an extrusion head that consists of a heater
and nozzle. The heater melts the solid material into a viscous
paste that is extruded through the nozzle while traversing in
the XYZ directions over the build platform. The extruded
paste cools down with the surrounding environment and im-
mediately solidifies. The non-fused-type materials remain in
the same state throughout the process. Usually, the non-fused
materials are in the form of a viscous paste that requires ex-
ternal pressure to make it flow. The examples of non-fused
materials are clay (often mixed with porcelain) or other ce-
ramic materials, concrete, etc. Figure 5 represents the ME
process.

Process parameters The FDM process mainly relies on mate-
rial composition that is being used. The material composition
is desirable to have a tackifier to enable the tackiness and
flexibility of the material; elastomer is used to provide elastic-
ity, plasticizer to provide the plasticity for the filament to the
spool, and wax to reduce the viscosity. The strength for the
entire filament is given from the base polymer that is easily
modifiable by the other constituents. In fused deposition of
ceramic (FDC) process, a binder system with low viscosity,
high strength, high strain, high modulus, and easily burnout

was developed [27]. The binder system is composed of 55
vol.% of the ceramic powders, like titanium dioxide, mullite,
and fused silica.With the nozzle temperatures between 200 °C
and 265 °C, with suitable extrusion rate parameters, the print-
ing process is initiated. In extrusion freeform fabrication
(EFF) process [28], the feedstock comprises of Si3N4 in a
volume of 55%, saturated elastomer of volume % of 25, par-
affin wax, and fatty acid ester plasticizer each with a volume
% of 10. The EFF process is similar to the multiphase jet
solidification (MJS) developed by the Fraunhofer Institute of
Applied Materials, Germany. This process can handle higher
viscous materials through the feedstock and higher extrusion
temperatures allowing to form many complex shapes.

Heat treatment and post-processing The green parts are
formed by depositing the feedstock material as a semi-
molten state through the liquefier’s nozzle while the material
is maintained between the temperatures of 200 °C and 265 °C.
Once the green parts are formed, they are subjected to
debinding and sintering processes. The liquid binder compo-
nents are first removed by capillary action when set inside the
dry alumina powder lesser than 200 °C. Followed by heating
the parts over 200 °C, the remaining residual binder material is
removed by evaporation and decomposition leaving porous
green parts, followed by sintering the porous green parts up
to the desired temperature which is 1600–1650 °C for
alumina-based feedstock, causing densification and linear
shrinkage of the ceramic parts. Ceramics can be printed with
100% infill density using ME processes but once the binder is
burned out after sintering, the final workpieces tend to be

Fig. 5 Material extrusion (ME) process
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Stereoliothography – two photon polymerization 

Heated

2.1 Vat photopolymerization

Vat photopolymerization (VP) is an AM process where a liq-
uid photopolymer in a vat is cured by projecting masked light
from an active source [13]. The spectrum of light can be either
normal visible light or ultraviolet (UV) light spectrum. There
are two different approaches to fabricate HPC materials using
VP process; the top-down approach and the bottom-up ap-
proach. Figure 2 represents the layout of the VP process with
two different approaches.

Lithography-based ceramic manufacturing (LCM) de-
veloped by Schwentenwein and Homa [14] and Solvent-
based slurry stereolithography (3S) developed by Wang
et al. [15] stand as the best suitable HPC examples for
the VP processes. The process parameters claimed by both
the processes include the layer thickness, exposure time of
the light with a relevant intensity level. Both the systems
consist of a wiper blade that paves the slurry above the
build platform while the thickness of each layer is con-
trolled by moving the platform in a linear z-direction. In
LCM and 3S processes, the green parts were built with the
layer thickness of 25 μm and 20 μm, respectively. The
light engine used in both the processes has a digital mirror
device (DMD) resolution of 1920 × 1080 pixels. Each pix-
el resolution defines the tiniest detail that can be fabricated
in the green part. With a pixel resolution of 40 μm in x- and
y-directions, the build size of 76.8 mm and 43.2 mm was
achieved. The pixel resolution defines the flexibility of
fabricating the shell structure with a minimum wall thick-
ness. A heat exchanger [16] was fabricated with a wall

thickness of 0.1 mm which is not possible using conven-
tional processes.

Process parameters The process parameters are primarily de-
pendent on the ceramic slurry filling and viscosity of the slur-
ry; by controlling the intensity of light and exposure time, the
geometrical accuracy and overgrowth are controlled. An in-
crease in exposure time is directly proportionate to the growth
of curing depth and the over growth on the surface surround-
ings [17].

Heat treatment and post-processing After the fabrication of
the green parts, they are subjected to debinding and sintering
consecutively. The debinding and the sintering temperatures
depend upon the binding material and the structure material
used, respectively. For alumina and zirconia materials, the
sintering temperature could range up to 1600 °C. During
debinding and the sintering, it is necessary to sinter the parts
under a controlled temperature to reduce the thermal stresses
and avoid cracking. After sintering, the final objects obtained
are highly dense ceramic objects with complex features. The
final objects result in fine surfaces with a low Ra value and
minimum porosity, which makes the parts facultative for post-
processing like grinding, sanding, or infiltrating the pores.

2.2 Binder jetting

Binder jetting (BJ) is the process where a liquid binder is
deposited selectively to join a powdered material. The BJ
systems comprise of the cartridge that not only deposits the

Int J Adv Manuf Technol (2019) 103:2627–2647 2629
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3.3. File transfer 

The STL file can then be transferred to the MAM machine or uploa-
ded to a ‘slicer’ software such as Markforged Eiger platform, which 
converts the 3D data into 2D layers or slices, which can be used to 
calculate the tool path or G-Code needed to manufacture the object. 

3.4. Configuration 

Prior to printing, the MAM machine must be properly configured and 
variables set. Settings of this type would include those related to the 
process parameters, such as the orientation of the parts, the thickness of 
the layer, and the inclusion of rafts, among others. The slicing software 
can also be used to adjust and select these parameters. 

3.5. Print 

The printing phase can vary greatly depending on the technology 
employed. Depending on the geometry and size, printing is typically the 
most time-consuming activity taking anywhere from a few hours to 
several days to complete. However, the printing process is the one ac-
tivity that requires very little human intervention apart from intermit-
tent monitoring of the progress. 

3.6. Removal 

Once parts are fabricated, they can be removed from the build 
chamber. Process dependant, parts can also be subjected to a debinding 
stage to dissolve excess material or sintered in a furnace to achieve part 
densification. 

3.7. Machining (optional) 

Depending on the intended application, post-processing machining 
can be carried out to improve tolerances or surface finishes. Build plates 
and any other auxiliary features, such as support structures, can also be 
removed either physically or mechanically with either wire EDM or 
band saws. 

3.8. Heat treatment (optional) 

The complex thermal cycles that metal parts are subjected to can 

often cause a buildup of internal stresses, and heat-treating parts can 
relieve this. Furthermore, different types of heat-treating methods can 
be used to tailor the mechanical properties and reduce porosity. These 
can include HIP, annealing, and aging, among others. 

3.9. Inspection (optional) 

Finished parts can also be subjected to external non-destructive tests 
(NDT) such as fluorescent liquid penetrant (PT), visual (VT), surface 
roughness, and dimensional accuracy. Internal radiography (RT), elec-
tromagnetic (ET), and ultrasonic (UT) to check for defects. 

3.10. Handover (optional) 

After quality assurance, parts are ready to be used and handed over 
to the customer. 

4. MAM classifications and commercial systems 

Table 1 lists the four MAM categories defined by ASTM/ISO 
52900:2017. Table 2 lists the commercial availability of various com-
mercial ME systems along with Table 3 for BJ, Table 4 for PBF, and 
Table 5 for DED. The following sections in this article will consider a 
selection of these machines from each category and report on their 
mechanical properties. These are then compared against values for some 
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 STL file 
conversion.

Examined for 
defects.

File Transfer

STL uploaded to 
slicing software.

Heat Treatment

Tailors 
 properties.

Configuration

Parameter 
optimization.  

Improves surfaces 
and tolerances.

Handover

Design

Parts are now 
finalized.

3D CAD file 
creation.

Removal

Print

Parts printed are 
layer by layer.  

Parts are removed 
from the machine.

Machining

Fig. 1. An example of a typical MAM process workflow.  

Table 1 
MAM processes modes and applications [5].  

Process Abbreviation Mode Typical Applications 

Material 
extrusion 

ME Material is selectively 
dispensed through a 
nozzle or orifice 

Functional metal parts, 
prototyping, 

Binder 
jetting 

BJ A liquid bonding agent 
is selectively deposited 
to join powder 
materials 

Functional metal parts, 
low-rate production 
runs of non-critical 
components 

Directed 
energy 
deposition 

DED Focused thermal energy 
is used to fuse materials 
by melting as they are 
being deposited 

Functional metal parts, 
repairs, adding 
material to existing 
parts 

Powder bed 
fusion 

PBF Thermal energy 
selectively fuses regions 
of a powder bed 

Functional metal parts, 
functional prototyping  

M. Armstrong et al.                                                                                                                                                                                                                             
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is eventually dissolved, leaving only the backbone in place, and is 
referred to as being in its ‘brown’ state, retaining much of the backbone; 
nonetheless, it is still highly porous (Fig. 4 (c)). The part is then placed 
inside a furnace and is gradually heated from an ambient temperature to 
70–90 % of the metal's melting point [38], thermally decomposing the 
residual support component of the binder system shown in Fig. 4 (d). As 
temperatures rise inside the furnace, solid bonds or necks form between 
the metal powder particles, reducing the surface energy of the part [61]. 
As temperatures reach the metal's melting point, atomic diffusion of 

metal particles occurs, leading to the formation of solid bonds, reducing 
porosity, and transforming a lightly bound metal powder into a 96–99.8 
% theoretically dense metal part [44,62,63] (Fig. 4 (e)). This densifi-
cation results in shrinkage of the part by 12–20 %, which the systems 
software accounts for during the file transfer stage. 

5.2. Material characterization of ME 

Despite modest commercial availability of materials for ME 

Fig. 2. (a) Schematic of a ME machine (b) Schematic of a typical ME print head mechanism.  

Fig. 3. (a) Schematic of voids between extruded deposits (b) Schematic of radius and notches in extrude material layers.  

Core component Backbone Metal particles Ceramic particles

(a)
Green part

(b)
Debinding

(c)
Brown part

(d)
Early sintering

(e)
Sintered part

Fig. 4. Schematic of feedstock morphology - adapted from [38] (a) as printed, (b) debinding - thermal decomposition of the core binder component, (c) brown part – 
following the debinding process, (d) early-stage sintering – thermal decomposition of the residual backbone (e) sintered – thermal densification of metal powder 
particles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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7.2. Material characterization of PBF 

Only 17–4 PH SS, 316 L SS, IN718, and AlSi10Mg will be compared 
to limit the scope of this article. Table 17 presents commercial material 
availability based on three machines selected from Table 4: GE M2 Se-
ries 5 and EOS M290. These materials are then compared for each ma-
chine in Tables 18, 19, 20, 21, and 22. 

7.3. Process characteristics of PBF 

A great deal of work has been done to characterize PBF processes, 
and much literature describes what is currently understood and what is 
still unknown. The following section summarizes some of the most 
important challenges and techniques that have recently shown promise 
in improving the quality and reliability of the PBF process. It is estimated 
that over fifty parameters can affect the final part properties, and they 
can be classified into three categories: pre-processing, controllable 
(printing), and post-processing [134]. These parameters can be 
responsible for some of the main challenges which currently encumber 
the development of PBF, including repeatability, consistency, and sta-
bility of the process, most of which can be attributed to surface rough-
ness, porosity, and RS [135]. Surface roughness can significantly 
influence fatigue strength by as much as 60 % [136] and affect wear, 

corrosion resistance, and geometrical accuracy. Among these, surface 
roughness has been credited as one of the most detrimental factors and 
can be caused by various incidents such as the stair-stepping effect, 
adherence of partially melted powders, and unmelted regions of the part 
[135]. However, its underlying mechanisms have been mainly ascribed 
to the complex fluid dynamics and solidification process. To elevate 
these effects, reducing hatch spacing by less than 45 μm and limiting 
laser power or the scan has been shown to improve surface roughness 
[19,137]. The angle of incidence of the laser about the platform has also 
been shown to influence surface roughness, as well as the microstructure 
of the part and the thickness of the thin walls [138]. This was investi-
gated by a novel method to analyze the relationship and predict its ef-
fects. Maintaining a constant angle reduced the surface roughness of an 
entire part from 19 μm down to 11 μm. Several numerical models have 
also been trialed recently to predict the effect of surface roughness. For 
example, a two-tiered numeric model to simulate the behavior of melt 
pools to understand the development of surface roughness in over-
hanging regions [139] and an analytical model to predict the upper 
surface roughness of PBF parts [140]. However, despite these attempts, 
the root cause of surface roughness could not be sufficiently identified, 
and a reliable prediction method has yet to be developed [138]. In 
addition to poor surface finishes, high porosity is another significant 
challenge that can negatively influence corrosion resistance, fatigue 
strength, stiffness, mechanical strength, and fracture toughness [135]. 
Porosity has sometimes been attributed to inadequate laser power 
resulting in smaller melting pools that are unable to fully fuse powder 
particles, resulting in pores that have a sphere-like shape. [141]. Several 
methods have been used to predict and measure porosity. The most 
widely used strategies to measure porosity include the Archimedes, 
micrograph-based, and micro-computed tomography methods. While 
the Archimedes and micrograph-based techniques can quantify LoF 
defects, both produce different results, especially when using highly 
porous samples, and the micro-computed tomography method is limited 
by voxel size [142]. Aside from models like these, several solutions to 
mitigate LoF and keyhole porosity have been suggested. For instance, 
optimizing print parameters and strategies such as increasing the size of 
the fusion zone and employing post-processing treatments such as HIP 
[143,144]. Despite these efforts, the relationship between process pa-
rameters and defects caused by LoF and keyhole porosity remains un-
developed and one of the most urgent research needs today. [145]. In 

Fig. 8. Schematic of a typical PBF machine.  

Table 17 
PBF Commercial material availability [111,112].  

Metal categories Alloy GE M2 Series 5 EOS (M 100, M 290) 

Stainless steel 17–4 PH SS × ×
316 L SS × ×

Maraging steel M300 × .. 
Tool steel H13 .. .. 
Aluminum AlSi10Mg × ×

A205 × .. 
AlSi7Mg × ×

Nickel alloy IN718 × ×
IN625 × ×
HX .. ×

Titanium alloy Ti6Al4V × ×
Ti6242 × .. 

Cobalt chrome MP1 (CoCrMo) × ×
MP2 (CoCrW) × ×
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8.2. Material characterization of DED 

Many ‘off-the-shelf’ materials can be used with DED, especially those 
meant for welding and powder metallurgy. The following section fo-
cuses on the performance of three systems shown in Table 27 and 
Tables 28–32 compares the mechanical properties against wrought and 
cast counterparts. 

8.3. Process characteristics of DED 

Much of the literature on DED discusses the correlation of the 
process-structure-property-relationship, and many of the defects that 
arise during the process are similar to the characteristics of other MAM 
processes, especially PBF. However, its adoption has been limited, pri-
marily due to several defects that have not been sufficiently character-
ized [185]. These include RS, cracking and delamination, porosity, and 
high surface roughness [35,188] and are listed in Table 33, including 
their origin, effects, and likely mitigation techniques. As such, this sec-
tion will explore the characteristics of DED to a limited degree. 

One of the main advantages of DED is its ability to produce large 
components, which has recently been considered for the construction 
industry. However, while DED technology has the potential to be used in 
many of these areas, it is currently suited for structures that are smaller 
than those typically encountered in the construction industry [186]. On 
the other hand, and as we have already noted, a printed metal bridge 
was manufactured over six months by MX3D using WAAM technology 
[10]. To accomplish something of this magnitude, comprehensive 
testing was conducted, including a stub column assessment, and a va-
riety of geometric measurement techniques were utilized because of the 
disparity in wall thickness, including calipers, tomography, digital 
image correlation, and 3D laser scanning; however, the Archimedes 
method was deemed the most reliable method. Being the first of its kind 
and outside the scope of standardized design codes, and having un-
characteristic mechanical properties, numerical models using nonlinear 
FEA methods were developed to understand the structural response and 
load-bearing capacity. When used together, both the physical and 
numeric verification methods successfully demonstrated the structure's 
functional ability. 

Table 24 
Commercially available PBF-HAM machines.  

Manufacturer Machine MAM process Post-process Hybrid combination Max. work size, mm Country Ref. 

Matsuura Lumex Avance-25 SLM Milling SLM + milling 256 × 256 × 185 JP [161] 
Matsuura Lumex Avance-60 SLM Milling SLM + milling 600 × 600 × 500 JP [162] 
Sodick OPM250L SLM Milling SLM + milling 250 × 250 × 250 JP [163] 
Sodick OPM350L SLM Milling SLM + milling 350 × 350 × 350 JP [164] 
HBD3D HBD-280F SLM Milling SLM + milling 250 × 250 × 300 CN [165] 
Additive Industries MetalFAB2 SLM Heat treatment SLM + heat treatment 420 × 420 × 400 NL [166]  

Table 25 
Mechanical properties of commercial PBF-HAM machines.  

Alloy Process Reported by Manufacturer Machine UTS, MPa YS, MPa % El, % Ra, μm Ref. 

18Ni-300 MS PBF-HAM Mutua et al. Matsuura Lumex Avance-25 1125 300 10.4 35 [168] 
18Ni-300 MS PBF-HAM Sarafan et al. Matsuura Lumex Avance-25 1171 1062 12.9 0.32–0.80 [169] 
AISI 420 PBF-HAM Shen et al. Sodick OPM250L 829.8–1541 481.1–1005 1.17–1.83 … [170]  

Table 26 
Summary of the advantages and disadvantages of PBF.  

Advantages Ref. Disadvantages Ref. 

Relatively high 
accuracy. 

[171,173] Relatively poor surface 
finishes. 

[138,150,171] 

Near net-shaped 
production. 

[135] Relatively high porosity. [135,141,150] 

High material 
utilization fraction. 

[135,173] High residual stress. [141,148,171] 

High specific strength 
and stiffness. 

[171] Typically requires post- 
processing. 

[141,171] 

Ability to recycle 
powder. 
High geometrical 
complexity. 

[171] Support structures are 
required. 

[141,171] 

[171–173] Powder handling health 
and safety issues. 

[171] 

A broad range of 
feedstock materials.  

Low productivity. [171,172]   

Limitations on build 
envelop. 

[171,172]   

Complex process- 
property relationship. 

[134,141]  

(a) (b)

Robotic arm

Turntable Metal part

Build plate

Nozzle

Fig. 9. (a) Schematic of a typical DED machine (b) Typical powder DED fusion mechanism with melt pool and heat-affected zone schematic.  
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improvement in the processing method, allowance in the initial relative dimensions of the green 
article to compensate for anisotropic shrinkage, protection of certain areas of large objects to reduce 
evaporation from these positions, and judicious support of the article.

12.2.3.5 Avoidance of Warping and Cracking

During the CRP, the boundary condition at the surface of the article relating the evaporation rate �VE  
to the pressure gradient in the liquid ∇ p  is given by [4]

 �V pE
L

= ∇K
η surface

  (12.12)

where K  is the permeability of the article and η L   is the viscosity of the liquid. According to 
Equation  12.12, fast evaporation rates lead to high ∇ p . To avoid cracking or warping, the article 
should be dried slowly. However, the “ safe”  drying rates may be so slow that uneconomically long 
drying times are needed.

To increase the safe drying rates, a few procedures can be used. For a given �VE , ∇ p  decreases 
with higher K   and lower η L  . The permeability K  increases roughly as the square of the particle (or 
pore) size (see Equation  10.10). One approach is to use a larger particle size or to mix a coarse !ller 
with the particles. This approach is often impractical, because it can lead to a reduction in densi-
!cation rate during sintering. Another approach, based on a decrease in η L  , is used practically in 
high-humidity drying where the process is carried out at somewhat elevated temperatures (~70o C) 
and high ambient humidity in the drying atmosphere. Increasing the temperature leads to a decrease 
in η L   (by a factor of ~2 at 70° C) and to an increase in the drying rate, but the increase in the drying 
rate is counteracted by increasing the ambient humidity (Equation  12.5). In this way, a reasonable 
drying rate is achieved while keeping ∇ p  small. The sequence of operation in a high-humidity dryer 
involves increasing the ambient humidity followed by increasing the temperature and, after drying, 
decreasing the humidity followed by decreasing the temperature.

12.2.4 DRYING TECHNOLOGY

Because of its importance in several industries, drying technology has been described extensively 
in the literature [18]. Drying equipment can be classi!ed in several ways, but the two most useful 

Higher pressure
lower pressure

Fast
evaporation

Uniform
evaporation

(b) (c)(a)

Uniform
evaporation

Higher water
lower water

Finer particles
coarser particles

FIGURE   12.15   Schematic diagram illustrating warping during drying due to (a) pressure gradient in the 
liquid, (b) a moisture gradient in the body, and (c) segregation of particles.
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polymer. Deformation of the article can also occur, which is enhanced by a lower particle packing 
density, higher binder content, and lower viscosity of the molten binder.

Stage  2 (~200o C– 300o C) corresponds to rapid removal of the molten binder by the degradation 
mechanisms described in Section  12.3.4.1, diffusion to the binder–vapor interface, and evaporation. 
As discussed in the next section, if the molten binder has suf!cient mobility, appreciable redistribu-
tion of the molten binder can occur by capillary "ow, leading to a nonplanar binder−vapor interface, 
reduction in the diffusion distances, and acceleration of the removal of volatile species. In the case 
of multicomponent binders, evaporation of the low molecular weight constituents such as plasticiz-
ers and waxes can leave a concentration gradient within the high molecular weight polymer [23].

In Stage  3, the small amount of binder still remaining is removed slowly by evaporation and 
decomposition (~300o C– 400o C). Binder removal is facilitated by the highly porous nature of the 
article in this stage, but a small amount of carbon residue generally remains within the sample. 
For a given powder and binder system, the amount of carbon residue is often higher for inert atmo-
spheres than for oxidizing atmospheres. In many cases, temperatures greater than 600° C may be 
required to reduce the concentration of carbon residue to a suf!ciently low level. As discussed in 
Section  12.3.4.4, the amount of carbon residue depends mainly on the composition of the binder and 
interactions with the particle surface.

12.3.4.3 Binder Redistribution
Considerable redistribution of the molten binder can occur during thermal debinding of closed-pore 
green articles driven by capillary-induced stresses, in a manner similar to that described for the dry-
ing of granular ceramics.  However, binder redistribution is slower because the viscosity of the mol-
ten binder is higher than the solvent in drying. Binder redistribution has been shown for tape-cast 
α -Al2 O3  containing a two-component binder system composed of PVB and DBP [23]. As illustrated 
in Figure  12.18, the binder−vapor interface did not move along a planar front into the interior of 
the article as binder burnout progressed. Instead, the binder−vapor interface moved in a nonplanar 

Planar binder–vapor interface

Initial binder–vapor interface

Nonplanar binder–vapor interface

Green article
surface

Volatile
material

Volatile
materialHeat Heat

(a)

(b) (c)

FIGURE   12.18   Schematic illustration of binder−vapor interface development during thermal debinding for 
closed-pore compacts: (a) initial binder−vapor interface, (b) development of a planar interface, and (c) develop-
ment of a nonplanar interface.
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were conducted using a universal testing machine (Model C43, MTS® 
criterion electromechanical test systems) equipped with a 1 kN load cell. 
All samples were tested in air at ambient conditions (~22 ◦C and ~20 % 
relative humidity). The test starts by applying a preload of 5 N to ensure 
contact between the balls and the sample. Then, the load is increased 
with a displacement rate of 0.5 mm/min until fracture of the specimen. 
The force at which fracture occurs is registered and used for stress 
calculation. The strength was evaluated by calculating the maximum 
stress endured by the sample, which occurs in the center of the tensile 
loaded side, using the following equation [23]: 

σmax = f
(

Ra

R ,
t
R, υ

)
• F

t2 (1)  

Where F is the maximum load at fracture, t is the thickness of the pellet 
and f is a dimensionless factor that depends on the loading and specimen 
geometry and Poisson’s ratio (υ) of the material. Ra is the support radius 
and R is the specimen radius. For a specimen thickness of 1.4 mm and a 
Poisson’s ratio of 0.34 for ZnO [24], the factor f is approximately 2. The 
characteristic strength (σ0) was evaluated by fitting the data according 
to the two-parameter Weibull statistics using the maximum likelihood 
method [25,26]. 

Fractographic analyses were conducted on selected samples frac-
tured in the B3B-tests to identify fracture origins and their location. 
Assessing fracture origins is important for revealing the underlying 
reason for the different fracture behaviour of the different set of samples. 
The fracture surfaces were gold coated using an Agrar sputter coater and 
observed under a SEM (JEOL JCM- 6000Plus, NeoscopeTM, JEOL Ltd., 
Tokyo, Japan). The size and location of critical defects were measured 
on SEM images using an image analysis software (Olympus stream 
motion). 

3. Results and discussion 

3.1. Density evolution 

Zinc oxide pellets were cold sintered over a temperature range be-
tween room temperature and 250 ◦C using three different aqueous so-
lutions of: formic, acetic, and citric acid. Density trends over various 
cold sintering temperatures for all liquid phases are shown in Fig. 2. At 
room temperature, the relative density of all samples is below 75 %. This 
indicates that the temperature is too low for driving densification 

mechanisms and the density is only given by powder compaction and 
particle rearrangement, favored by the liquid phase. In the case of 
samples sintered with acetic acid solution, the density increased 
significantly with small temperature increase, reaching a plateau of ~ 
95 % at 70 ◦C. This trend is in agreement with previous studies on ZnO 
cold sintered with acetic acid [14,19] with a slight difference in the 
temperatures, which can be explained by the different heating rates, 
molarity of the used solution and/or location of the thermocouple in the 
CSP setup. A similar trend is observed for samples sintered using formic 
acid, but shifted to higher temperatures, such that a relative density 
> 95 % was obtained above 90 ◦C. Both formic and acetic acid sintered 
samples reached a density of ~ 98 % at 250 ◦C. However, sintering at 
temperatures above 170 ◦C resulted in structurally fragile samples. 
Citric acid showed the poorest densification behaviour among all liquid 
phases, with the lowest density at room temperature, thus indicating 
poor lubrication and rearrangement process. The highest density ach-
ieved with this liquid phase was in average 82 % at 250 ◦C. 

Fig. 1. Experimental setup of the cold sintering process: (a) sintering die wrapped with a heating jacket and connected to a temperature controller through a 
thermocouple inserted in the bottom base plate, (b) temperature and pressure profile over time during CSP. 

Fig. 2. Relative density as a function of cold sintering temperature for pellets 
densified using aqueous solutions of acetic, formic, and citric acid, respectively. 
Error bars represent one standard deviation. 

A. Jabr et al.                                                                                                                                                                                                                                     

ZnO

Journal of the European Ceramic Society 43 (2023) 1531–1541

1534

3.2. Microstructure evolution 

Understanding the densification behaviour requires characterizing 
microstructural changes during cold sintering at different temperatures. 
The selection of the temperature of interest was based upon in-situ 
measurement of the shrinkage during non-isothermal heating to 
250 ◦C using the extensometer attached to the semi-automated press, as 
described in the experimental section. 

Fig. 3a displays the shrinkage curve measured during CSP using 
acetic acid and its first derivative, which describes the rate of shrinkage. 
As can be seen, densification starts at a temperature of ~50 ◦C and ends 
around 125 ◦C. The maximum densification rate occurs at ~ 85 ◦C and is 
likely to be related to the evaporation of the liquid phase. The micro-
structure after sintering at 70 ◦C (Fig. 3b) consists of rounded grains. 
Such a pronounce morphological change from the prismatic particle 
shape of the starting powder (Fig. S1b) indicates the activation of the 
dissolution step, which is absent when pure water is used as a liquid 
phase as shown in the supplemental information in Fig. S1. Cold sin-
tering at 125 ◦C (Fig. 3c) results in grain growth from ~67 nm at 70 ◦C 
to ~133 nm with faceted grain shape. Sintering at a temperature of 
170 ◦C (Fig. 3d) leads to further grain growth to ~155 nm. However, it 
is noteworthy that the samples become very fragile at such elevated 
temperatures. The relative density at all three temperatures (70 ◦C, 
125 ◦C and 170 ◦C) was ≥ 93 % after 1 h dwell time. Grain growth of 
ZnO in presence of zinc acetate under CSP has been proposed to occur 
via epitaxial growth, Ostwald ripening and/or oriented attachment 
[27]. 

For formic acid, compaction of the sample starts to increase around 
50 ◦C and ends at 170 ◦C during heating, as depicted by the shrinkage 

and compaction rate curve in Fig. 4a. The maximum shrinkage rate is 
observed to occur between 85 ◦C and 100 ◦C and may be related to the 
accelerated evaporation of the liquid phase. The microstructure of 
samples sintered at 70 ◦C (Fig. 4b) shows spherical grains in the same 
size range of the starting powder and with significant amount of 
porosity, which is in good agreement with the measured density of ≤ 83 
%. The shape change of the ZnO particles indicates effective dissolution 
activity of formic acid; however, 70 ◦C seems to be low to fully drive the 
densification mechanism. Sintering at 125 ◦C enhanced the relative 
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multifaceted grains without coarsening (Fig. 4c). At a higher tempera-
ture of 170 ◦C, no increase in density was achieved. The microstructure 
is similar to that of samples sintered at 125 ◦C, consisting of faceted 
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(Fig. 3c-d). This result demonstrates that grain growth observed under 
CSP conditions is not only controlled by temperature and time, but also 
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formic acid offers an additional advantage of densifying ZnO to almost 
full density ~98 %, while maintaining the size of the initial nanometric 
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Fig. 5a shows the compaction of samples using citric acid and its rate 
during heating up to 250 ◦C. The compaction increased with tempera-
ture until 220 ◦C, where a reduction in the displacement along with a 
negative compaction rate was recorded (upward movement of the 
pressing piston). This may be explained by pressure build-up in the 
sample due to water evaporation and decomposition of organics. 
Morphological change of the starting powder is indicative of the 

Fig. 3. a) Linear shrinkage during heating to 250 ◦C (anisothermal) in CSP of ZnO under a pressure of 335 MPa using 2 mol/L acetic acid as a transient liquid phase, 
the grey curve represents the first derivative of the displacement curve. Microstructure of ZnO cold sintered for 1 h at a temperature of b) 70 ◦C, c) 125 ◦C and d) 
170 ◦C. The inset in b, c, and d) shows average grain size ± one standard deviation. 
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this into account, along with the pKa of each acid (Table 1) which dic-
tates the acidity of the solution, the solubility of zinc oxide would be 
highest in citric acid as it has the lowest pH and the highest complex 
formation constant. 

Step (ii): the diffusion of the aqueous species can be ignored, as the 
limiting factor is likely to be either the dissolution or the precipitation of 
ZnO. 

Step (iii): the precipitation of the zinc ions into the pores can be 
further divided into a series of chemically important steps. The first step 
is the reverse of Eq. (4), where the zinc in the complex needs to be 
released before the zinc ion can be incorporated into the zinc oxide 
structure. This means that a higher complex formation constant leads to 
lower deposition rates. In this regard, citric acid clearly has the largest 
disadvantage and formic and acetic acid will dissociate faster from the 
complex. Second, as the water evaporates, the concentration of ions in 
solution increases until the solution becomes supersaturated, which 
forces the precipitation of salts. The solubility of zinc formate at 5.2 g/ 
100 g [32] is significantly lower than that of zinc acetate and zinc citrate 
at 40.0 g/100 g [35] for both, by almost an order of magnitude. As a 
result, the complex formed by the formate anion and the zinc cation will 
more readily precipitate while there is enough solvent in the system to 

be distributed homogeneously around the particles, rather than when 
there are low amounts of liquid. This could potentially lead to a better 
densification of the material as the nucleation sites for zinc oxide are 
better distributed throughout the material and in the triple points, as 
observed in the TEM images after cold sintering at different tempera-
tures (Fig. 6). Moreover, the early precipitation of zinc formate con-
sumes the amount of ionic species that could be available for coarsening 
(for example by epitaxial growth [27]) as observed in ZnO systems with 
zinc acetate. This observation may explain the preservation of the grain 
size during the densification process. The absence of early nucleation in 
other organic acids offers higher amounts of ionic species in the system 
that could take part in the coarsening process, hence affecting the 
average grain size. 

Fig. 6a shows TEM imaging after cold sintering at 70 ◦C. A low- 
density microstructure can be observed, which is in good agreement 
with the 82 % relative density of the sample. For comparison, the 
microstructure of a sample sintered at 125 ◦C with a relative density of 
95 % is shown in Fig. 6b, displaying a dense microstructure with a small 
amount of porosity. Fig. 6c and d show EDS maps of samples sintered at 
70 ◦C and 125 ◦C, respectively. The accumulation of the organic liquid 
phase at the surface of free grains can be observed, indicating dynamic 

Fig. 5. a) Linear shrinkage during heating to 250 ◦C (anisothermal) in CSP of ZnO under a pressure of 335 MPa using 2 mol/L citric acid as a transient liquid phase, 
the grey curve represents the first derivative of the displacement curve. Microstructure of ZnO cold sintered for 1 h at a temperature of b) 125 ◦C, c) 170 ◦C and d) 
250 ◦C. The inset in b, c and d) shows the average grain size ± one standard deviation. 

Table 1 
Chemical constants of zinc complexes formed by formic, acetic, and citric acid reaction with ZnO.  

Zinc Carboxylate Formation constant, Log k1 Acid pKa Solubility [g/100 g] Acid Decomposition Temperature [◦C] Complex Decomposition Temperature [◦C] 

Zinc Formate 0.73 [30] 3.76 [31] 5.2 [32] 70 [33] 240–260 [34] 
Zinc Acetate 0.88 [30] 4.76 [31] 40 [35] 230 [36] 240–271 [37] 
Zinc Citrate 4.93 [30] 3.13 [31] 40 [35] 165 [38] 300–400 [39]  
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Fig. 7. SEM images at low and high magnification of the centre (a) and the edge (b) of the cross section of a SiC specimen flash sintering with a maximum power of 550 W 
and a constant furnace temperature of 1500 °C. 
and electrical power dissipation. The reduction of the critical fur- 
nace temperature required for the flash event in SiC with increas- 
ing electric field ( Fig. 3 ) is also typical behaviour. 

Quantitative analysis of the electrical and thermal response of 
several oxides [18–22] during the flash event shows that it is 
caused by thermal runaway, in which the reduction of resistance 
as the sample temperature increases leads to a greater increase in 
power dissipation at constant voltage than can be lost from the 
sample surface as heat. The consequence is rapid electrical heat- 
ing of the sample. The combination of electric field E and furnace 
temperature T f at which runaway will occur is given by Todd et al. 
[ 19 , 23 ]: 
E 2 = 4 pεσρ0 R 

AQ (
T f + $T c )5 

exp 
( 

Q 
R (T f + $T c )

) 
(1) 

in which for $T c ! T f : 
$T c ≈ RT 2 

f 
Q − 5 RT f (2) 

In these equations, p and A are the perimeter and area of the 
specimen cross-section between the electrodes, ε the emissivity, 
σ Stefan’s constant, ρ0 the pre-exponential in the inverse Arrhe- 
nius expression for the resistivity as a function of temperature, 
R the gas constant, Q the activation energy for electrical resistiv- 
ity/conductivity, and $T c the excess temperature of the specimen 
relative to the furnace (i.e. T s – T f ) at runaway. The equations can 
be used to predict the critical electric field for runaway at constant 
furnace temperature or the furnace temperature at which the flash 
event occurs during heating with a constant electric field. For ma- 
terials whose conductivity deviates from Arrhenius behaviour, the 
effective values of Q and ρ0 at the temperature of interest should 
be used. 

The values of Q and ρ0 for each of the three samples in 
Fig. 3 that exhibited flash events were deduced from the inverse 
Arrhenius plots for resistivity in Fig. 8 a. The plots for all three 
specimens possess two approximately straight sections with a dis- 
tinctive undulation in between. The flash event occurred at higher 
temperatures than the undulation so the values of Q and ρ0 for 
each specimen were extracted using the straight sections imme- 
diately to the left of the undulations in Fig. 8 (a) and are given in 
Table 3 . The transition in behaviour will be discussed in the next 
section. 

Fig. 8 b compares the experimentally observed furnace temper- 
atures at runaway for each initial electric field E with those pre- 
dicted by solving Eqs. (1 ) and (2) for T f using the values of Q and 

Table 3 
Activation energies and pre-exponentials of resistivity for the data 
of Figs. 3 and 8 (a) in the vicinity of the flash event. 

Electric field strength (V cm −1 ) Q (kJ mol −1 ) ρ0 ( % m) 
20 137 1.91 × 10 −6 
25 127 3.94 × 10 −6 
30 92 3.74 × 10 −5 

ρ0 in Table 3 with ε = 0.85 [ 16 ] and the experimental values for p 
and A . The agreement is within experimental uncertainty, demon- 
strating that the “flash event” observed here in SiC was thermal 
runaway, as in oxide ceramics. 
4.2. Mechanisms influencing electric conductivity during flash 
sintering of SiC 

The flash event at constant electric field analysed in the pre- 
vious section originated in the NTC behaviour during heating ev- 
ident in Figs. 6 b and 8 a. Most ceramic powder compacts exhibit 
NTC behaviour under the conditions of flash sintering. This can re- 
sult from (i) the innate NTC behaviour of many ceramics caused by 
an increasing concentration or mobility of the charge carriers with 
temperature, (ii) extrinsic effects of the increase in current with 
temperature at constant voltage, such as the increasing component 
of electronic conductivity observed in YSZ under direct current as 
it becomes electrochemically reduced near the cathode [24] , and 
(iii) the effect of the early stages of sintering in improving particle- 
particle contacts [23] . Electrochemical reduction is not expected to 
occur in an electronically conducting, covalently bonded semicon- 
ductor such as SiC, and the symmetrical appearance of the spec- 
imens during flash sintering (Fig. S2) suggests that any other ef- 
fects of the direct current on resistivity were small. Fig. 6 b also 
shows that the resistivity of the sintered specimen was almost con- 
stant during cooling between 2200 °C and 1500 °C, so the under- 
lying NTC behaviour of the SiC itself is evidently also weak un- 
der these conditions. This temperature-independence of resistivity 
above 800 °C has also been reported for a range of α-SiC ceramics 
by Gnesin et al. [25] 

The fall in resistivity during heating in Fig. 6 b must therefore 
have been caused almost entirely by mechanisms associated with 
the sintering of the powder compact. This is demonstrated by the 
large difference in resistivity at T s ∼ 1600 °C in the heating and 
cooling parts of the cycle, and by the continuously decreasing re- 
sistivity at approximately constant specimen temperature during 
the constant power periods of the stepped profile used in the heat- 
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temperature at constant voltage, such as the increasing component 
of electronic conductivity observed in YSZ under direct current as 
it becomes electrochemically reduced near the cathode [24] , and 
(iii) the effect of the early stages of sintering in improving particle- 
particle contacts [23] . Electrochemical reduction is not expected to 
occur in an electronically conducting, covalently bonded semicon- 
ductor such as SiC, and the symmetrical appearance of the spec- 
imens during flash sintering (Fig. S2) suggests that any other ef- 
fects of the direct current on resistivity were small. Fig. 6 b also 
shows that the resistivity of the sintered specimen was almost con- 
stant during cooling between 2200 °C and 1500 °C, so the under- 
lying NTC behaviour of the SiC itself is evidently also weak un- 
der these conditions. This temperature-independence of resistivity 
above 800 °C has also been reported for a range of α-SiC ceramics 
by Gnesin et al. [25] 

The fall in resistivity during heating in Fig. 6 b must therefore 
have been caused almost entirely by mechanisms associated with 
the sintering of the powder compact. This is demonstrated by the 
large difference in resistivity at T s ∼ 1600 °C in the heating and 
cooling parts of the cycle, and by the continuously decreasing re- 
sistivity at approximately constant specimen temperature during 
the constant power periods of the stepped profile used in the heat- 
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Fig. 7. SEM images at low and high magnification of the centre (a) and the edge (b) of the cross section of a SiC specimen flash sintering with a maximum power of 550 W 
and a constant furnace temperature of 1500 °C. 
and electrical power dissipation. The reduction of the critical fur- 
nace temperature required for the flash event in SiC with increas- 
ing electric field ( Fig. 3 ) is also typical behaviour. 

Quantitative analysis of the electrical and thermal response of 
several oxides [18–22] during the flash event shows that it is 
caused by thermal runaway, in which the reduction of resistance 
as the sample temperature increases leads to a greater increase in 
power dissipation at constant voltage than can be lost from the 
sample surface as heat. The consequence is rapid electrical heat- 
ing of the sample. The combination of electric field E and furnace 
temperature T f at which runaway will occur is given by Todd et al. 
[ 19 , 23 ]: 
E 2 = 4 pεσρ0 R 
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Table 3 . The transition in behaviour will be discussed in the next 
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strating that the “flash event” observed here in SiC was thermal 
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Useful defective structure from the high heating rate

Chemical reactivity (CH4 oxidation)		of	La0.1Sr0.9TiO3

properties.63,64 To shed light on this subject, we investigated the
consolidated La-doped SrTiO3 by means of electrochemical
impedance spectroscopy. All ceramics had density of 55%, and
therefore their electrical behavior could be compared. The
charge carrier density in donor-doped SrTiO3 depends strongly
on temperature, oxygen pressure, dopant concentration, and
material pretreatment. The charge balance, expressed in the
Kröger−Vink notation,46 gives

n p2 V La 2 V 0O Sr Sr[ ] + [ ] − [ ″ ] − + =•• •
(2)

where VO
•• represents the double positively charged oxygen

vacancies,VSr″ , the double negatively charged strontium
vacancies, LaSr•, the donor species, i.e., lanthanum ions, n, the
electrons, and p, the holes.43 Under oxidizing conditions, as
those applied here, [VO

••] and p are in general considered
negligible and the ceramic behaves as an insulator.43 This
conductive behavior is governed by the donor and Sr vacancy
concentration, determined by the synthesis and thermal
treatment conditions.43,59

In accordance with the reports from the literature,43,59 in the
intermediate temperature range (up to 800 °C), we observed a
constant total conductivity at variable pO2 (Figure 4a). For the
sake of completeness, it should be mentioned that the
conductive measurements might be affected by the low grain
size and densification degree (∼55%) of the materials, which
minimizes the grain contact.65 That acknowledged, for the
sample FS-600 can be inferred a slight positive slope, suggesting
unexpected p-type conductivity. This effect is, however,
reasonably supported by the ESR measurements, which
evidenced a remarkable concentration of electron holes, i.e.,
O− species, for this system and by several works in the literature
on doped-titanate perovskite under the influence of electric
field.21,22,63,64

Following the theory proposed by Meyer and Waser,59 the
lower conductivity of the field-exposed materials is ascribed to
their higher concentration of Sr vacancies. Although these
species are immobile at these temperatures53 their density
determines the effective donor dopant concentration and
therefore the concentration of mobile electronic charge carriers
(eq 2).
Moreover, the cationic vacancies might have an important

effect for the lower activation energy for charge migration
(Table 1, Figure 4b). LSTO consolidated under the influence of
electric field exhibit constant values of migration enthalpy all
over the investigated pO2 range and lower of about 0.1 eV than

for the conventionally treated counterpart. As largely reported in
literature,60,61,66−68 cationic vacancies in LSTO facilitates the
charge carrier mobility through the perovskite lattice and
therefore decreases the activation energy costs.
Another possibility, which cannot be excluded, is represented

by the generation of mesoscopic size effects in LSTO
nanocrystals. These phenomena, already introduced by Maier
few years ago, suggest that when the grain size is of the same
length scale as the space charge zone typical of grain boundaries,
no unperturbed bulk exists anymore.69,70 These effects have
enormous impact on the electrical properties of SrTiO3.

65,71,72

In particular, the downsizing of the grains to the nanoscale
resulted in overlap of the Schottky barriers at grain boundaries
and remarkable decrease of the space charge potential was
observed. Although the space charge width cannot be
determined in our case due to poor material densification,
which prohibits the separation of bulk and grain boundary
relaxations from the impedance spectra, such overlap may
reasonably explain the lower migration energy encountered in
field-exposed materials. Instead of being related to particle size
effects, which in our case is constant for all the systems, the grain
depletion might be originated by the much larger space charge
region formed during the electric field-assisted treatment. With
this respect, the absence of any grain boundary barriers was
already found to induce remarkable enhancement of charge
carrier mobility in La-doped SrTiO3 with tailored defect
distribution.73,74

The effect of the different point defect properties between
conventionally and field-treated materials on their functional
properties was investigated using the oxidation of methane, as a
catalytic test reaction.
In Figure 5a, the light-off curves of the methane conversion

are displayed. It can be immediately seen that the materials
exposed to an electric field during consolidation show improved
catalytic properties with respect to those of the conventionally
treated counterpart.
FS samples reach almost complete conversion at 800 °C,

whereas standard LSTO stops at 58%. Moreover, the temper-
ature at which the half methane conversion (T50) was obtained is
more than 100 °C lower in field-consolidated materials (i.e., T50
values of CS, FS-300, and FS-600 samples are 782, 678, and 664
°C, respectively). The activation energy (Ea) values were
estimated from Arrhenius-type plots (1000/T vs the reaction
rate). The conventionally treated material has a larger Ea value
that corresponds to the reaction rate than the flash-sintered one

Figure 5. (a) Steady-state conversions obtained for the oxidation reaction of CH4 over LSTO systems consolidated at different conditions. (b) CH4
oxidation reaction rates of LSTO systems presented in this work compared with reported values by Oliva et al. for donor-doped SrTiO3
(Sr0.9Gd0.1TiO3) sintered in oxidizing conditions.75 The values are retrieved at T = 550 °C and normalized by surface area.
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Ø SrOx segregation
Ø O- defectselectric field

Electron microscopy was employed to study the materials
morphology (Figure 2b−d). Edged, angular particle aggregates
of a similar shape result for all investigated materials in the
powder state (Figures 2b and S5). The consolidation under
exposure to electric fields also induced the formation of
voluminous excrescences at the grain surface (Figure 2c).
These were associated to a local SrOx phase, as detected by
TEM/EDX spectroscopy (Figure S6). Even if the assessment of
themicrostructure nature of this Sr-rich phase is not an easy task,
the absence of any reflection in the XRD pattern, its undefined
morphology, and low contrast, likely indicate its amorphous
character.
By means of this method, the Sr segregation on the material

surface depending on the type of high-temperature treatment
was also investigated (Table 1). EDX has a high penetration
depth and therefore is poorly suitable for accurate surface
analysis. Nonetheless, the results clearly demonstrate the
concentration increase of Sr, highlighting the large extent of
the cationic segregation through the grain. These findings are
also corroborated by XPS analyses (Figures 3a and S7), which
confirmed the remarkable A-site segregation (cation ratio (Sr +
La)/Ti = 2.4) and pointed out significant concentration of

nonlattice Sr in the material treated under the influence of the
electric field, ascribed to the formation, among others, of
carbonate compounds.
The generation of SrOx and other nonlattice Sr-based species,

such as SrCO3 and Sr(OH)2, at the surface of Sr-based
perovskites upon high-temperature treatments is largely
confirmed in the literature.41−45 Among the many reasons one
possible explanation of the surface Sr enrichment can be given
looking at the defect chemistry of SrTiO3 expressed with the
Kröger−Vink notation46

Sr O V V SrOsr o Sr O
2+ → ″ + +•

(1)

In principal, a high-temperature treatment promotes the
diffusion of strontium and oxygen from their lattice positions
(SrSr, Oo, respectively) to form strontium (VSr″) and oxygen
vacancies (VO

2•). From the conservation of mass law, the
formation of a SrO-rich phase (indicated here as one of the
possible compositions) occurs and segregates at the grain
surface and interface.41,47 The generation of Frenkel defects,
although theoretically possible, is considered here unfavored,
due to the high energy demand for the highly packed perovskite
lattice.48,49 In La-doped SrTiO3, an additional formation

Figure 3. Spectroscopic analyses for differently processed LSTO samples: (a) Sr 3d region and (b) O 1s region of XPS spectra; (c) oxygen
temperature-programmed desorption (TPD-O2) profiles of differently processed LSTO samples; (d) ESR spectra at 130 K in vacuum with the
asterisks denoting the Mn2+ defects; (e) magnification and simulation of the resonance occurring in FS-600 La0.1Sr0.9TiO3: experimental (exp.) and
simulated (sim.) spectra deconvolution of ESR signal into different paramagnetic species; (f) scheme for spatial distribution of different defect centers
on electric field-treated LSTO particles.
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■ RESULTS AND DISCUSSION
La-doped SrTiO3 nanoparticles were prepared by low-temper-
ature hydrothermal synthesis and consolidated under air both
using conventional and field-assisted approaches. The X-ray
diffraction (XRD) results in Figure 1 show that as-prepared
(AP) nanoparticles present phase pure cubic perovskite
structure with an average crystallite size of 40 nm (Table 1).
Electron microscopy analyses pointed out crystalline nano-
cuboids of size ranging between 50 and 100 nm (Figure 1).
From the EDX elemental analysis (Figure 1c), the ratio between
cations was determined, confirming the nominal La doping of
10% (Table 1). Substitution of La into the Sr lattice positions
could be verified by the shift of the (110) reflection to higher
angles with respect to pure SrTiO3 (Figure S1).
Conventional treatment in a dilatometer oven was performed

at 1150 °C over 4 h. During field-assisted treatments, the
exposure to electric fields remarkably accelerated the oxide
consolidation. Fields of 300 and 600 V cm−1 triggered in the
materials the so-called flash event, i.e., sudden and vigorous
consolidation within seconds, at 1190 and 980 °C, respectively
(Figure S2). The specific surface area decreased from 24 m2 g−1

for the as-prepared nanoparticles to 9 m2 g−1 for the FS samples
and 5 m2 g−1 for the CS material (Table 1, Figure S3). Most
likely, this difference is due to the much faster process of
consolidation under field exposure, which does not give the
system enough time to relax.
XRD analysis shows that in all high-temperature-treated

samples the perovskite phase was retained (Figure 2a). The
minor impurity phase observed for the FS-600 sample (e.g., 2θ =
38, 44, 64°) was successfully ascribed tometallic Ag (Figure S4),
which stemmed from the contamination by colloidal silver paste
used in the impedance spectroscopy analysis (see below) to
ensure contact with Pt electrodes. The average crystallite size is
substantially the same among all systems along with very modest

growth in comparison with the as-prepared nanoparticles (Table
1). Such a grain growth arrest is usually observed for La-doped
SrTiO3 and is likely ascribed to the enhanced concentration of Sr
vacancies caused by the substitution of La into the Sr site.11,32

Figure 1. (a) X-ray diffractogram of as-prepared La0.1Sr0.9TiO3 nanoparticles with the corresponding (b) SEM and (c) EDX analysis. Cu signals are
originated by the TEM grid and do not belong to the sample composition.

Table 1. Physical and Catalytic Parameters for Investigated La0.1Sr0.9TiO3 (LSTO) Systems: Average Crystallite Size (Φ)
Calculated from XRD, Specific Surface Areas (SSAs) from Nitrogen Physisorption, Atomic Composition of the Investigated
LSTO Systems Normalized to La0.1Sr0.9TiO3 Nominal Stoichiometry, Ratio between the A and B Cations from EDX, Activation
Energies for the Migration of Charge Carriers (Ea

EIS) Retrieved from Electrochemical Impedance Spectroscopy under Air, and
Surface Area-Normalized Activation Energy (Ea

Cat) Values Retrieved from Methane Oxidation

Φ [nm] SSA [m2 g−1] La Sr Ti (Sr + La)/Ti Ea
EIS [eV] Ea

Cat [kJ mol−1]

AP 39 24 0.1 0.93 0.97 1.062
CS 57 5 0.12 0.94 0.94 1.128 1.079 ± 0.007 124.1 ± 2.8
FS-300 56 9 0.11 1.03 0.86 1.33 0.942 ± 0.008 101.3 ± 3.4
FS-600 53 9 0.12 1.04 0.84 1.38 0.971 ± 0.004 103.9 ± 2.4

Figure 2. (a) X-ray diffraction patterns of investigated LSTO systems.
SEM and TEM micgrographs of (b−c) FS-600 and (d) CS LSTO
systems. Electron microscopy shows initial formation of higher contrast
SrO-rich sites on perovskite surface for conventionally sintered LSTO
(CS), whereas the SrO layer is significantly more pronounced for the
flash-sintered material (FS-600).
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Ultra-fast High-temperature Sintering (UHS)

 

Figure 1: scheme and thermal model of the UHS setup. The thermal model was performed in a separate study for the case of a 60 s 
treatment with the applica<on of 35 A. 

 

Characteriza%on techniques 

The real density of ZrB2 and WC as well as their mixtures was measured by He pycnometry using an Anton 

Paar Ultrapyc5000. The apparent density of the sintered samples was measured by Archimedes’ method 

according to the ASTM C 830 standard, thus allowing to calculate the rela7ve density.  

Microstructural characteriza7on was performed using a JEOL model JSM-5500 scanning electron microscope 

(SEM).  

X-ray diffrac7on (XRD) was performed on polished surfaces using a Rigaku IIID Max diffractometer, equipped 

with Cu-Kα (λ = 1.5405 Å) X-ray source (40 kV; 30 mA).  

Vickers hardness was measured using Future-Tech FM-310 microhardness tester and load of 9.8 N and 

averaged over 10 indenta7ons. Samples were prepared for indenta7on by embedding in resin and polishing 

with SiC grinding papers (up to grit 4000).  

 

Results 

Densifica%on of ZrB2 and WC 

The densi7es achieved are summarized in Table 1. As predicted, pure ZrB2 did not overtake 90 % in any 

condi7on. On the contrary, pure WC reached almost 97 % aver 120 s with 35 A. A small addi7on of WC proved 

to be extremely beneficial for ZrB2 densifica7on, leading to 95 and 97 % aver 120 s with 35 A for the samples 

doped with 5 and 10 vol % WC respec7vely. Larger WC amounts resulted in sample mel7ng at 35 A. 

 ZrB2 5 % WC 10 % WC 25 % WC 50 % WC WC 

30 A 60 s  59.6 62.6 61.6 63.6 65.4 63.2 

32.5 A 60 s 70.7 72.7 78.4 91.2 82.4 81.9 

35 A 60 s 81.8 83.1 92.8 melted melted 90.2 

35 A 120 s 87.1 95.2 96.6   96.9 

Table 1: densi<es of the ZrB2 and ZrB2-B4C samples depending on the UHS condi<ons. 

Figure 1 shows the morphology of the samples sintered for 120 s. Consistently with what reported in the 

literature, the microstructure of pure ZrB2 samples hints that for this compound densifica7on is accompanied 

by coarsening, as the pores are already in the order of some µm while the density is only 87%. The WC 

addi7on leads to a change in the sintering mechanism, with all mixtures showing clear microstructural 

evidence of liquid phase sintering.  
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UHS of 3D printed BaTiO3 bodies
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F IGURE 3 (A) Thermogravimetric analysis (TGA) of the as-prepared ink in air and dried samples in different atmospheres. The inset
shows the magnified plot of decomposition behavior of the ink in air, argon, and nitrogen. (B) Relative density evolution as a function of
applied current in ultrafast high-temperature sintering (UHS). (C) Relative density evolution with sintering temperature for pressureless
spark plasma sintering (P-SPS; holding time = 3min), conventional sintering (CS; holding time = 120min), and fast firing (FF; holding
time = 5min). (D) Optical images of the samples consolidated by P-SPS in Ar. (E) Optical images of specimens obtained by UHS in Ar and N2.
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shows the magnified plot of decomposition behavior of the ink in air, argon, and nitrogen. (B) Relative density evolution as a function of
applied current in ultrafast high-temperature sintering (UHS). (C) Relative density evolution with sintering temperature for pressureless
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time = 5min). (D) Optical images of the samples consolidated by P-SPS in Ar. (E) Optical images of specimens obtained by UHS in Ar and N2.
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6 BHANDARI et al.

F IGURE 3 (A) Thermogravimetric analysis (TGA) of the as-prepared ink in air and dried samples in different atmospheres. The inset
shows the magnified plot of decomposition behavior of the ink in air, argon, and nitrogen. (B) Relative density evolution as a function of
applied current in ultrafast high-temperature sintering (UHS). (C) Relative density evolution with sintering temperature for pressureless
spark plasma sintering (P-SPS; holding time = 3min), conventional sintering (CS; holding time = 120min), and fast firing (FF; holding
time = 5min). (D) Optical images of the samples consolidated by P-SPS in Ar. (E) Optical images of specimens obtained by UHS in Ar and N2.
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F IGURE 5 Microstructure of the materials produced by ultrafast high-temperature sintering (UHS) at different currents for 1min in
(A–C) argon and (D–F) nitrogen, by pressureless spark plasma sintering (P-SPS) at different temperatures for 3min in (G–I) argon, and by
fast firing (FF) at different temperature (J–L) in air.

inert and air atmosphere, rapid sintering can be effectively
accomplished only in the air.

4 CONCLUSION

In this study, BaTiO3 powder was effectively dispersed to
prepare an aqueous suspension with characteristics suit-
able for DIW: the prepared ink can be easily extruded and
can retain its shape even in the case of overhanging struc-
tures, such as those present in the log-pile lattice structures
proposed here as proof of concept. The solvents evapo-
rate from the structure after printing, and this results in
a green body with a very low amount of binder (a weight

loss of only 2.35% is measured after heating at 1000◦C).
Such a small amount of organics makes DIW an ideal
process to be coupled with rapid debinding treatments.
Indeed, rapid sintering techniques (UHS, P-SPS, FF) allow
rapid debinding and consolidation of printed components
without deformation. All tested processes do not need a
separate debinding step, thereby reducing the overall pro-
cessing time (debinding and sintering) in the order of
seconds to minutes.
Nevertheless, the outcomes in terms of final density are

extremely different and highly dependent on the sintering
atmosphere. The samples consolidated by UHS or P-SPS
(inert atmosphere and in the presence of carbon) appear
darkened after sintering, mostly because of a partial
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Very high heating rate effects

Enhanced densification
- Reduced coarsening / densification rate ratio

- Non-equilibrium grain boundaries?
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