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Solid State Reactions

Lecture overview

Powder synthesis by solid-state reaction

* Introduction to conventional solid-state reaction routes

* Solid-state reaction rate

* Examples of ceramic powder synthesis by solid-state reaction
 Advantages and disadvantages of solid-state reaction for synthesis of

ceramic powder
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Solid State Reactions

Solid-state reaction: Direct reaction of a mixture of non-volatile solid reactants

in powder form to produce a solid product at high temperature
{500-2000°C)

High temperatures are required to provide the significant amount of energy to
overcome the lattice energy so a cation or anion can diffuse into a different site.
To break, modify and make multiple bonds of inorganic generally involve a large

amount of energy.

high
iemperature
A{solid) + B(solid) —> C(solid)
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Solid State Reactions

A large variety of materials can be prepared using the solid-state reaction route:

*  Mixed oxide ceramic powders
NiO (s} + Al,04(s) - NiAlLO,(s)
Zr0, (s) + Si0, (s) > ZrSiO, (s}
NiO (s) + Cr,04(s) - NiCr,0,(s)
MgO (s} + Fe,0,4(s) > MgFe,0,(s)
Zn0 (s) + AL,0; (s) = ZnAl,0,(s)

* Metal carbides by carbothermal reduction
4B {s)+ C(s) = B,C(s)
7C {s) + 2B,0, - B,C (s) + 6CO (g)
Si0, {s) +3C (s) = SiC (s} + 2CO (g}
WO, (s) + C(s) -» WC (s} + CO, (g}

+ Nitrides
35i0, (s) + 6C (s) + 2N, (g) = Si;N, (s} + 6CO (g)

Products of solid-state reaction are thermodynamically stable compounds.

The driving force is the difference between the free energies of formation of
products and reactants.

Ring T. A. Fundamentals of ceramic powder processing and synthasis,
Dr. Boris Galman, Ceramic Powder Processing 526205 Academic Press, 1956, p166

General rule of solid-state synthesis

Mix powder thoroughly

Press powder into the pellets

Heat for long time

Dr. 8oris Golman, Ceramic Powder Processing 526205



Formation of MgAl,O, spinel

: Contact between grains B
\ﬁic\}g of solid reactants 9 ha oo

* Reaction only takes place at
contact point between grains

lon diffusion through *+ Nucleation starts near contact

product layer to points
reaction interface *  Growth of product layer
M32+ * ReaCtion requ;res on dlﬁUSIon hup:,n',fm!ovewlthgeosclnces.tumblr.com,’page_n;ﬂ

through the product layer

A[3+

MgO MgAl,0, " AlO, lon diffusion <« Diffusion rate is very slow
), —; * Reaction rate decreases with time
due to the growing product layer
Product

o Reaction is diffusion limited
Reaction interface
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Solid State Reactions

* Diffusion frequently is the rate limiting step (slow) in solid state
reactions

Diffusion is the mass transport resulting in mixing of reactants .

Diffusion rate: F!ux-:(condyctivity) x (driving force)

b

« AN
Diffusion coefficient (diffusivity) Concentration gradient
Reftects the mobility of diffusing species Variation of concentration as a function of
distance
A A
AC dC The concentration gradient is AC Jdc
o ——— —> —— therate of change of the c \\ —_——
2 ; Ax dX  concentration with distance 2 Ax, dx
2. . g :
£ | AC o Ac=acan = ?C (1
O ! O
c ! Ax{D<Ax({ID ' < ‘
g \ S \\
— Ax —» < Ax 3

AC AC
i e ([} > —— (] P
distance Ax = Ax un Diffusion rate decreases with dlStagce
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Solid State Reactions

e Fick’s first law: Diffusion rateis proportional to concentration gradient

i
i
dc 2
Ly [ I | Product layer
J=-D -
i

- dx attime ¢
L /
T , W31 -2 -1 Y
J dilffusllon flux (_moies cm? s1), (atoms cm? 5°2), etc. Product layer
D - diffusion coefficient {m?s1) at time t+ct
The flux can be related to the change of the product layer thickness -?— ,
t
d e/ A DA
J = (k . p) .—x — _D . .._...E.. = _Dm——-—c—: [ xdx = Kdt’ K = — ¢
di dx X kp

where pis the molar density of product and £ is the conversion factor.
Here we assume that Ac is approximately constant.

2
Integration results in dex=IKdt, %=K-t, ¥=2Kt=K -t

Parabolic rate law:

3 The thickness of the planar layer increases
x=~NK \/; with the square root of time

Dascribes the kinetics of processes for which the limiting
step is the mass transport through a reaction layer 9
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Formation of nickel aluminate spinel
NiO +AlLO; -> NiAl,0,

NiO ? ALO,

Possible reaction paths:

1. Reaction occurs at NiAl,O, — Al,0, interface

1
~30
A7 22 Oxygen gas phase transport
/ ) .
X X ion Ni%tand electron e transport through NiALO
NiO ? NiALO, 2\ AlLO, e BN A
N+ \ Reaction at NiALO, - Al,O, interface:
. i reaction
e \ interface N2t +2e" + 30, + Al,O; = NIALO,

2. Reaction occurs at NiO - NiAlLO, interface

3
- ¢ .
7 ™2 Oxygen gas phase fransport
/ Y :
3 N lon Ai**and electron e’ transport through NiALO,
NiO NiAlLO, ? ALO, +
TG Reaction at NiQ-NiAlLO, interface:
reaction < ....................................... 3
interface e 241 + 6"+ 0,+ N0 = NiAl,O,

W.D.Kingery, et al, Introduction to ceramics, JWiley & Sons, 1991, p 387-39%.
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Formation of nickel aluminate spinel
Possible reaction paths:

3. Reaction occurs at NiAlLO, — AL O; interface

. . 2- iz 1 i
NiO 3 NIALO ‘ ALO Oxygen 0% and Ni?* diffuse through NiAlO,
2YY4 . 23 +
Niz+ \ Reaction at NiALQ, — Al,O, interface:
oz ’ reaction NiZt + 0% + ALO, = NIALO,
- interface

4. Reaction occurs at NiO - NiAl,O, interface

. , Oxygen O% and AR diffuse through NialLO
NiO NiALO, ? Al,O, v i B TR
e 2A13+ Reaction at NiD-NiALQ, interface:
reaction N i 2AI%* + 302 + NiQ = NiAl,O
interface 302 e

5. Reaction occurs at NiALO, — AlLC, and NiO - NiAlLQ, interfaces

\ Both cations (Ai**and Ni?*} diffuse through NiALOQ,
pa— < Reactfon at NiD-NiALQ, interface:
reaction IER—. 2A1 2AB* + ANIO = NiAlQ, + 3Ni**
interfaces IN{2* +
Reaction at NiAl,0, — Al,O, interface:

3Ni* + 4ALO, = 3NIALO, + 2A3* 11
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Formation of nickel aluminate spinel

The rate of spinel formation could be controlled by the diffusion of Nit2, Al*? or 0%
ions, by the transport of electrons {holes), by the transport of O, gas, or by the
interface reactions.

Figure shows the parabolic time dependence for NiAl,O, formation at two different

temperatures,
T . .
e The experimental data can be fitted by
o e alineas (thickness)? vs, time.
5 2
:1-’ 15}~ —122 E
< . L
: £
ﬁ-.. vy
‘L'?.I 16 -~ 100 &
g / £ The rate limiting step is the ion
[ 2 1400°C —_
RN . i = diffusion through the product layer
0 1 H
0 100 200
Time (Hr)

12
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Solid State Reactions

Chemical decomposition reaction: solid reactant is heated to produce

a solid product and a gas

Used for the production of simple oxides from carbonates, hydroxides, nitrates,

sulfates, acetates, oxalates and other metal salts.

Decomposition of calcium carbonate (calcite) to produce calcium oxide and

carbon dioxide gas:

CaCO, (s) - Ca0 (s) +CO, (g)

The reaction is strongly endothermic with the standard heat of reaction at 298K,

AHZ° = 44.3 keal/mol.

Heat should be supplied for reaction to proceed

Rahaman M.N. Ceramic processing, CRC, 2007, p.46

13
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Solid State Reactions

Chemical decomposition reaction

Theory: Assuming that compounds become unstable when the partial pressure of

the gaseous product above the solid equals the partial pressure of the gas in

the surrounding atmosphere, we can calculate that CaCO, become unstable
above 810 K.

Practice: These compounds are observed to be stable at much higher temperatures.

The decomposition is controlled by kinetic factors and not by thermodynamics

. ) A; initial reaction, decompaosition of impurities or
Weight foss at time ¢ .
/ 107 unstable materials
¥ B: induction period, formation of stable nuclei

AW
@ = N C: acceleratory period of growth of nuclei and
7 s o further nucleation
w 95

D: maximum rate of reaction

E: decay period due to impingement of growing
nucleus and consumption of reactant

0 : F: completion of reaction

Time

iviaximum weight loss

FIGURE 2.9 Generalized ¢ vs. fime plol seummarizing characleristic kinctic bebavior ebserved [or iscthermal

Zecompesition of solids, o, represents (he weight Joss divided by the maximum weight foss, 14
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Solid State Reactions

Chemical decomposition reaction

molar volume of solid product < molar volume of solid product = product forms a
porous layer around nonporous reactant

gas

Fig. Schematics of the decomposition of calcium carbonate

The rate of reaction may be controlled by :
1. The reaction at the interface between the reactant and the solid product
2. Heat transfer to the reaction surface

3. Gas diffusion from the reaction surface through the porous product layer
15
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Solid State Reactions
Chemical decomposition reaction

Reaction rate equations for the analysis of kinetic data in decomposition reaction

Nucleation

Power law o' =Kt (H
Exponential law Ino = Kt {2}
Avrami-Erofe’ev {~in(1 o] = Kt (3) Reaction at interface

[—In(i—o))”® = Kt @ | israte controlling

[~In(l~ o))" = Kr (%)
Prout-Tompkins Infa/{d-w)l=K: (G}

Geomelrical Models )
Contracting thickness o=Kr (D Reaction is fast and
Contracting area I~-o" =K (8) + rate depends onthe
Contracting volume T—(1—o)"? = Ky {9 geometry
Diffusion

One dimensional ol = Kr 10y |
Two dimensional (t~oMn{l-w)+o=Kr (i) Diffusion is rate
Three dimensional (-} = Ky 12y | controlling
Ginstling-Brounshtein ~ [1—(2a/ 3]~ (1 ~o)*"” = Kt (13)

1B
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Solid State Reactions
Chemical decomposition reaction

* Decomposition kinetics of thin calcite crystals

1.0

03
Equation (7)
Contracting thickness:

a=K-t

0 60 120 180 240 300 380 420 480 540 60D
‘Time {min)

FIGURE 2,11 Isotherma! decomposition kinetics of calcite (CaCQ,) single crystal. (From Beroto, D. and

Searcy, A.W., Use of the Langmmir methad for kinetic studies of decomposition reactions: ealcite (CaCO,),
J. Chem. Soc., Faraday Trans. 1, 70, 2145, 1974. With permission.)

* Decompaosition kinetics of large calcite is usually controlled by the rate of
removal of gaseous product or the rate of heat transfer

7
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Solid State Reactions
Chemical decomposition reaction

The microstructure of the solid product is dependent on the decomposition conditions.

* Vacuum: Product particles are often of the same size and shape as reactant particles
Product particles are aggregates of fine particles with fine internal pores
-> large surface area.
The decomposition of CaCOj, particles of 1 to 10 microns at 923K in vacuum
results in CaO product of very high surface area of ~100 m?/g with fine

particles smaller than 10 nm and fine pores

+ Atmospheric: The atmospheric gas catalyzes the sintering of fine particles,
leading to larger particles and a reduction of the surface area.
The decomposition of CaCO, particles at 1 atm N, results in Ca0

particles with low surface area of ~3 to 5 m?%/g

18
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Solid State Reactions
Chemical reduction reaction

Industrial synthesis of carbides, nitrides, borides from oxides.

Reduction of oxides by carbon. Carbon is used for the elimination of oxygen.

Acheson process for the preparation of SiC powder (silicon carbide or carborundum):
Silica is mixed with carbon and the mixture is heated electrically to temperatures of
~2500°C. The product is obtained after several days of reaction. Aggregates are
crushed, washed, ground and classified to desired particle sizes.

5i0, +3C 2 SiC+2C0

C +$i0, > Si0 (g) + CO (g)
$i0, + CO > Si0 + CO, (g)
C+C0, > 2C0

2C + Si0 > SIC + CO

Graphite core
- Furnace wall

Reaction mixture

Metal oxides http://en.wikipe
dia.orgfwikifAc

—~ Reaction zone heson_process
" Silicon carbide
in the furnace, an electric current passes through a graphite core, surrounded by sand, salt, and carbon. The electric

current heated the graphite and other materiais, aflowing them to react, producing a layer of silicon carbide around
the graphite core. 19
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Solid State Reactions
Improving reactions rates

{1) Increase area I of contact between reacting solids by decreasing particle size |
If the volume of solid reactant = 1 cm?
= Edge length of cubic crystal = 1 cm, No of crystals = 1, surface area = 6 ¢cm?
= Edge length of cubic crystal = 0.5 cm, No of crystals = 8, surface area = 1.5*8=6 cm?

[ B

i L % IREENENES
TRt Ik B erging! st Plecos o guarker e smipnal See PO O SRk Te nersnal s
Tuwfeotf BI0 Hirknce anoa [ Hmﬁqslhcmx!unf. t?rm iy !imeﬁncesumjun

A=frm? A=13cm? A=24cm A=48cm?

(2) Thorough mixing to obtain a homogeneous mixture {decrease diffusion distance)
(3) Make pellets to decrease inter-particle void space

(4} Increase temperature
b

a

Diffusion is a thermally activated process: D =D, -e K7 T = DA
20
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Solid State Reactions

Improving reactions rates

(4) Increase temperature

Tamman’s rule: temperature of about 2/3 of the melting point of the lower

melting reactant is required to have reaction to occur in

a reasonable time

(5) Introduce defects by starting with reagents that decompose prior to or during reaction,
such as carbonates or nitrates.

- vacancies {Schottky defects)
- interstitials (Frenkel defects)

- structural defects:; dislocations, grain boundaries

(6) Continuously reground reaction mixture to bring fresh surfaces in contact

21
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Steps in Conventional Solid State Synthesis

httpi/fwww.chatu.edutw/~sfcheng/HTML/material95/Solid_synthesis.pdf

1). Select appropriate starting materials
a) Fine grain powders to maximize surface area
b) Reactive starting reagents are better than inert
¢} Well defined compositions
2}, Weigh out starting materials
3}, Mix starting materials together
a) Agate mortar and pestle (organic solvent optional)
b) Ball Mill (Especially for large preps > 20g)
4). Pelletize
5). Select sample container
Reactivity, strength, cost, ductility are all important
a} Ceramic refractories (crucibles and boats)
AlL,O, 1950 °C $30/(20 ml)
Zr0,/Y,0, 2000 °C $94/(10 m)
b) Precious Metals {crucibles, boats and tubes)
Pt 1770 °C $500/{10 ml)
Au 1063 °C $340/(10 ml)
c) Sealed Tubes
Si0,-Quartz, Au, Ag, Pt

22
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Steps in Conventional Solid State Synthesis

nttp:/fwww.ch.nfu.edu.tw/~sfcheng/HTML/material95/Solid_synthesis.pgf

6) Heat

a) Factors influencing choice of temperature for volatilization

b} Initial heating cycle to lower temperature can help to prevent spillage
and volatilization

c) Atmosphere is also critical
Oxides (Oxidizing Conditions) ~Air, O,, Low Temps
Oxides (Reducing Conditions) —H,/Ar, CO/CO,, High T
Nitrides —NH; or Inert {N,, Ar, etc.)
Suifides —H,S
Sealed tube reactions, Vacuum furnaces
7) Grind product and analyze (x-ray powder diffraction)
8) If reaction incomplete, return to step 4 and repeat.

23
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Solid State Reactions

Advantages

* Solid-state reactions can be used for preparation of large number of components

* Relatively simple and old method

Disadvantages

L]

High temperatures are required
* Reaction may proceed very slowly
* Product often impure and impurities difficult to separate

Product can cover unreacted reactant and yield to incomplete reaction =

impure final product

* Possible grain coarsening due to high temperature

Fas
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Solid State Reactions
Mechanochemical Synthesis of Ceramics

Reaction milling

Mechanism: repeated deformation, fracture, and welding of the
powder during collisions of the grinding media. Low temperature.
Fracture exposes fresh reacting surfaces in close contact {short

diffusion distance) to promote reaction. Diffusion rates are also
enhanced by the high concentration of lattice defects.

Oxid terials - LiMn:O.
Xlde materials - perovskite structure of BT, PT, PZT, Planetary ball mili
PZN, PMN
+N:=2VN
Nonoxide materials : carbide and nitride 2VHN.
TiC, TiN etc ZrO:+ B:0:+ 5Mg = ZrB:+ 5MgO

Ultrafine particles: Possible to produce powder with minimal agglomeration as product
fine particles are dispersed in by-product salt. ZnCl, + Na,CO; = ZnO

Composite powder: Alumina reinforced intermetallic compounds - the new high
temperature structural materials, Ti;Si;-Al, 0,

Wu H., Li Q., Journal of Advanced Ceramics, 1, 130-137, 2012 25
Dr. Boris Gofman, Ceramic Powder Processing 526205 Dodd A.C. in Chemical Processing of Ceramics, 2 ed., p65-75,2005



* Solid state reaction - Liquid phase solution

o Chemical reaction between o Precipitation from solution
solids o Co-Precipitation

o Decomposition o Sol-Gel Processing

o Reduction - Vapor phase reaction

o Gas-solid reaction
o Liguid-gas reaction
Dr. Boris Golman, Cerarsic Powder Processing 526205 O Gas-gas reaction

rocessi

Lecture overview

* Introduction to sol-gel processing

* Mechanism of sol-gel processes

* Examples of ceramic synthesis by sol-gel method

« Advantages and disadvantages of sol-gel method for synthesis of ceramic

materials

Dr. Boris Golran, Ceramic Powtder Processing 526205



Introduction to sol-gel processing

Sol-gel Brocess: Formation of an oxide network through polycondensation

reactions of a molecular precursor in a liquid

| A sol is a stable dispersion of

i colloidal particles or polymers |

{ in @ solvent.

Colloid: a material consisting of
solid particles (1nm to 1 um)
dispersed in a solution.

A gel consists of a three

: dimensional continuous |

i chains.

Particies

Dr. Boris Goiman, Ceramic Powder Processing 526205

Fesa?iokn oty g

Particalate ge!

} Caicination

network of colloidal

particles or polymeric

Polymer
Liquid

Particles

Polymeric gel

asic floy

s

chart of sol-gel processing

-
-

-

Hydrolysis

Sol

{suspension of fine particles)

l

(Gelation

using “Particulate” gel 1
a suspension of |
fine particles Drying
Sintering

(a)
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Rahaman. Ceramic Processing, p13

Solution
(of metal alkoxides)

Sol preparation

Hydrolysis and
condensation

Sol
(soluticn of polymers)

Gelation

“Polymeric” gel

using

Drying == g solution

Sintering

{b)




Introduction to sol-gel processing

A sol is a stable dispersion of colloidal particles.

Agglomeration of small particles
are due to the

van der Waals forces {attractive)
+ tendency to decrease the
total surface energy.

sediment

Stabie colloid Un

Thick
.- Organic
’ layer

/
—
Adsorption of charged
species on particle surface

Particle

lon -f_rom Adsorption of a thick layer of organic
solution

{a) Electrostatic repulsion molecules
(b} Steric hindrance

uE
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Starting materials for sol-gel

Typical precursors (starting materials) to form a sol:  Metal Alkoxides

Metal alkoxides are metal-organic compounds having the general formula

M(OR), where M is a metal of valence z and R is an alkyl group.

R
0]
RO — M — OR M — metal cation (Si*, Ti¢" ..
| R - alkyl group ( CH,, CiHs, CoH, etc.)
0
R

Methoxide R=CH;  B(OCH,),
Ethoxide R=C,H; Si{OC,H;),
1. Reaction between metals and alcohols Propoxide R=C4H, Ti{O'C,H;), (n-, iso-)

Preparation of metal alkoxides:

Butoxide R=C,Hg AN{0O*C,Hg); (-, iso-, sec-, tert-
M+2zROH > M{OR)z +{z/2) H, “Cefls AIOC,Ho)s )
the superscripis n, t, s, and}i _ )
2. Reaction invoiving metal chlorides refer to normal, tertiary, and secondary or iso alkyl chains

MClz +z ROH + NH; -> M{OR)z +z NH,CIJ

Or. Boris Golman, Ceramic Powder Processing 526205



m of sol-gel reaction
Formation of sol by hydrolysis-polycondensation reaction of metal alkoxides:

* Hydrolysis of alkoxide by controlling addition of water
R R
i i
RO———EiVI——-—OR + HO0 —» RO————I}/I--——OH + ROH

0 0]
R R
» Condensation polymerization (alcohol condensation)
R R S R R .
O O O O '

RO—?A-—-OH + RO—-fi\AMOR R— Romrlm——o-——?AWORE + ROH

-y

0 o} o) o) ;
+ Condensation polymerization {water condensation)
R R /TR R "
0 0 e e
H
I
RO—M—OH + HO—M—OR —> iRoWr!\n——owr]wmom + H,0
i i
0 0 0 0 ;
R R N R R ’ 7

e e e e e e —————

Dr. Boris Golman, Ceramic Powder Processing 526205

Basic mechanism of sol-gel synthesis of SiC

* Starting reagent for the sol-gel synthesis of SiO,

Aqueous silicates (silicic acid) or silicon glkoxides (Tetraethylorthosilicate, TEOS)

| | L]

R I e N
N Si{OCH,CH,),
alkoxide silanol siloxane \L .
* Reaction mechanism of the sol-gel synthesis of SiO, TEOS
hydrolysis
=Si-OR + H,0 — =Si-OH + ROH | hydrolysis
alkoxide esterification silanal

alcohol condensation

=S1-OH + =Si-OR — =Si-0-Si= + ROH

silanol alkoxide alcoholysis  siloxane .
— condensation

water condensation
=Si-OH + =Si-OH — =S8i-0-Si= + H,0

silanol silanol siloxane

Or. Boris Golman, Ceramic Powder Processing 526205



el synthesis of

2

Acid (HCI) or base {NH,) catalysts are frequently used for synthesis of silica gels.

TABLE 5.4

Sol-Gel Silicate Compositions for Bulk Gels, Fibers, Films, and Powders

510, Gel Types

Bulk
One-step acid
One-step basce
Two-step acid-base
First-stcp acid
Second-step acid {AZ}
Second-step base (B2)
Fibers
Films
Monodisperse spheres

Dr. Boris Gelman, Ceramic Powder Processing 526205

Mole %
TEOS EOH H,0 HC  NH,  H,0/5 (w
acid base W
6.7 258 67.3 0.2 — 10
6.7 25.8 67.3 — 0.2 10
10,4 504 21.06 001 - 1.1
109 328 557 0.4 — 5.1
[2.9 392 475 061 0.016 3.7
11.31 T1.20 11.31 0.11 o 1.0
532 3623 5809 035  — 109
0.83 33.9 445 - 20.75 53.6!1
Particle base W %
Polymer acid w oy

Rahaman. Ceramic Processing, p.208

Sol-gel transformation

Formation of rigid or semi-rigid porous solid
by destabilization of stable sol:

Reduction of distance
between particles

4

formation of particle
clusters

4

tinking clusters into
network

8

aging of gel:
strengthening , stiffening
: and shrinkage of network}
|

Particulate gel

| Liquid

gt Particles

el LLL.

OCCUrs.

Hydrogel: Particulate gels consists of a network in which pores are filled with water

Or. Boris Goiman, Ceramic Powder Processing 526205

Particulate gel

Viscosity sharply increases
when the sol-gel transition

e



el transformati

i polymeric gel k

The structural changes that occur during gelation of
polymeric gel for acid-catalyzed and base-catalyzed reactions

A

Polymer

ot

acid-catalyzed |~

Liquid

v

. j‘if w3 e [i._% ‘}.(«;\x%_ |" \ H_,} &iﬂt‘.‘%--

Far from gl point - Near gel paiar- C At polin
’ ~Catwigled privesete ARt tnoslinks
St srdisiaby Al iy
B

D i
T ok

“E

base-catalyzed

s _
Eapfronn el poist  WNear el pode 'x’\igi;:ﬁqg:«iﬁz
Brmchodatistirs”  Chmheadilitiang lekd vlesten

bhesmehing

Alcogel: weak amorphous solid structures containing interconnected network of fine pores fitted with
aicohel {polymeric gels)

Carter, Norton, Ceramic Materials: i1
Dr. Boris Golman, Ceramic Powder Processing 526205 Science and Engineering, p. 416
Sol-gel transformation
The kinetics of the hydrolysis of the sol to form a gel and the
gel structure are influenced by:
= Atkoxide concentration
» Reaction medium
= Concentration of catalyst
The rates of hydrolysis and condensation can be affected
by the addition of small amounts of acid (e.g., HCI) or
base {e.g., NH4OH)
» Temperature
Polymer
SO] Liquid
Particles
Polymerice gel
12
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Jrying of gel

Slow drying under controlled conditions is important for formation of crack free product

Xerogel: gel produced by conventional drying. Dried gel has 40-60% of the fired density and contains

small pores {nm} .

Aerogel: gel produced by removal liquid under supercritical conditions. Network of ~95% porosity.

Cryogel: gel produced by freeze-drying. Fine powder, not suitable for producing monolithic ceramics.

Drying is a complex process involving the interaction of independent processes:

(1) Evaporation

(2) Shrinkage

(3) Fluid flow in the pores

Drying is divided into two stages:

(1) constant-rate period where the evaporation rate is constant

(2) falling-rate period where the evaporation rate decreases with time or the amount

of liquid remaining in the body

‘ i ) Rahaman. Ceramic Processing, p217
Dr. Boris Golman, Ceramic Powder Processing 526205

rying of gel
Stages of drying

(a) Initial condition

i liquid/vapor meniscus flat

| Pore liquid

Solid phase

-Evaporatio

" Shrinkage

e Empty pores

=t Mindmum radius of curvature

! ! Rahaman. Ceramic Processing, p217
Dr. Borls Golman, Ceramic Powder Processing 526205



Structural changes during drying of gel

< n Polymeric gel, acid catalyzed

Weakly cross-linked = easily to collapse
High density and fine pores

ﬂ‘g: Polymeric gel, base catalyzed
[

strongly cross-linked -> difficult to collapse

“
’:’»E%
Relatively low density and large pores
—_— & Particulate gel of high silica solubility
I
Large pores, less shrinkage than in polymeric gel
@ % Particulate gel of weakly bonded
@

particles

. . i5
. . . Rahaman. Ceramic Processing, p229
Dr. Boris Goiman, Ceramic Powder Progessing 526205

rying of gel
Slow drying under controlled conditions is import for formation of crack free product

A number of procedures have been developed

to increase drying rates while avoiding cracking:

* Increase the pore size of the gel.

* Decrease the liquid/vapor interfacial energy
(e.g., use a solvent with a low %,).

» Strengthen the gel.

= Use supercritical {hypercritical} drying:
the liguid is removed above its critical temperature, T

c’

and critical pressure, p,.. The values of T, and p, for the

commonly used sol—gel liquids are: water 647 X and
22 MPa; ethanol 516 K and 6.4 MPa,

Cracked silica coating on glass substrate
Segal. Chemical synthesis of adv, cer.., p.81

Carter, Norten, Ceramic Materials: 16
Dr. Boris Golman, Ceramic Powdar Processing 526205 Science and Engineering, p. 417
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http://enwikipedia.org/wiki/Sol-gel 17
Or. Boris Goiman, Ceramic Powder Processing 526205

lications of Sol

. Powder

rocessin;

\p|

Powder can be obtained via a sol—gel process using metal alkoxides or a
combination of metal alkoxides and metal salts.

* Powders are chemically homogeneous, because the mixing of the
constituents is achieved at a molecular level.

* Powders produced by the sol-gel method are usually amorphous.
+ Powders produced by the sol-gel method are of high surface area.

* Powder can be sintered to nearly full density at lower temperatures
than are normally required when the particles have been made by
other technigues.

For example, gel-derived mullite powders can be sintered to full density
at <1300°C. The sintering temperature is ~1600°C for crystalline mullite
powder produced by conventional method.

* High cost of the raw materials.

Carter, Norten, Ceramic Materials: 1%
Dr. Boris Golman, Ceramic Powder Procassing 526205 Science and Engineering.



plications of Sol Gel

rocessing

|. Powder

Manufacturing of alumina-based abrasive grain used in grinding wheels and coated paper

Conventional route: | Conventional Route Sol-Gel Route Sof-ge[ route:

a  Fusion of A|203 with l AhQs g‘;?;':c Al 0y H,G HYIH,0 +  An aqu-eous I).EUC?O" d

dopant at 2073 K boehmite sol is dope
. ‘ with the second phase
s Solidification of melt ‘ e — in the form of oxide
| Feed o £9 Mg (MO B0 powder or salt solution.
Variations in cooling rate . _' ' | + Sintering of gel at
~2073 Posed-S5 1623K.

result in a product with a T he britt] | ;

The brittle gel transforms
wide distribution of crystallite Salidity set to a continuous phase of
sizes of one phases in a matrix ! i randomly oriented
of second phase. Crush Cruzh crystallites of alumina

E | (~300nm)} containing a
size Size secondary phase,
E i Small crystais of narrow
T e size distribution
1
G Improved abrasive

properties :9

Dr. Boris Golrman, Cesramic Powder Processing 526205 Segal, Chemical synthesis of advanced ceramic materials.

plications of Sol rocessing

]
I. Powder | Suspension of dense nanoparticles

Suspensions of dense nanoparticles (silica, ceria) are used as abrasive materials for

chemical mechanical polishing process of materials used in fabrication of

microelectronic devices.

Figure 1 Struerure of 5TT and planarization by CMP provess

Y.Heng, G.R. Yy, industrial Applications of Sol-Gel Technology, Solid State 20
Dr. Boris Golman, Ceramic Powder Processing 526205 Phenomena, Vols. 124-326, p 618, 2007



lications of Sol

l. Powder | Nanoparticles as fillers for flat panel display

Nanoparticles under 50nm are used as fillers for flat panel display coatings since
they are optically transparent when they are incorporated into nanocomposites.
The conductive nanoparticles such as indium tin oxide are using for antistatic

function layer. Si0, and TiO, are also most common nanoparticles to adjust reflective

index in the display films.

Figure 2 TEMSEM dnuages of fumefionalized frussparent nasdpanicles:

Y.Hong, G.R. Yi, Industrial Apptications of Sol-Gel Technology, Solid State 21

Dr. Boris Golman, Ceramic Powder Processing 526205 Phenomena, Vois. 124-126, p 619, 2007

ications of Sol rocessin

el

|. Powder | Nanoparticles as active component

TiO, nanoparticles are used in personal care products due to UV protecting
function. The photo catalytic activation of TiO, have been applied to self-cleaning

applications for removing dirt or other substances to adhere to the surface.

Figove 3. Effect of winyl siding coated silien based self cleaning marerial.

Y.Hong, G.R. Y}, industriai Applications of 5ol-Gel Technology, Sofid State 22

Dr. Borls Golman, Ceramic Powder Processing 526205 Phenomena, Vols. 124-126, p 619, 2007



el Processin

lications of Sol

Il. Fiber

Fibers can be drawn directly from viscous sols, Sol-gel spinning process

which are usually made by acid-catalyzed Sol

hydrolysis using low H20:M ratios.

Applications for sol-gel derived fibers include:
* Reinforcement in composites

= Refractory textiles

= High-temperature superconductors

Examples of fibers produced by sol~gel are: e

"SI0,

» $i0,~Ti0, (10-50 mol% Ti0,)

* $i0,~Al,0, (10-30 mol% Al,0,)
* Si0,~Zr0, (10-33 mol% Zr0,)

* 5i0,~Na,0~Zr0, (25 mol% Zr0,)

fa
i

Carter, Norton, Ceramic Materials:
or. Boris Golman, Caramic Powder Processing 526205 Science and Engineering.

cations of Sol

I1. Fiber

Manufacturing of aluminosilicate ceramic fiber
(95 wt,% Al,O,, 5 wt.% Si0,):

Basic aluminium chloride solution with
polymeric cationic species
+
Polymer (polyvinyl alcohol) 2 wt%
+
Silica source

e i
T

Extrude through spinneret holes {100-200 pm)

s
g

Calcination

’...m_u_,,,.,M.T,.n..._......__l

i . S
Figure 4.£3, Scanning electron micragreph fo
Chemical Industeies.)

AT

alumina fibre. (Couriesy of ksiperinl

Fiber of 3 um in diameter

Application: high-temperature thermal insulation in chemically reactive environment {wall linings in furnaces for
the glass and steel industries)

24
Dr. Botls Geiman, Ceramic Powder Processing 526205 Segal, Chemical synthesis of advanced ceramic materials.



11, Thin films and coatings

Spin coating

» Deposition of sol on substrate

* Spin-up: liquid flows radially due to centrifugal force
generated by the rotating substrate

+ Spin-off: excess liquid flows to the perimeter of the substrate,
leaving as droplets

* Evaporation
A 4

Thin uniform films

Pl
)

Dr. Boris Golman, Ceramic Powder Processing 526205 http://homepages.rpi.edu/~plawsky/Researchfimages/

lications of Sol

1 L. Thin films and coatings

Spin coating

The advantages of forming coatings via sol—gel reactions are:
= Large areas

» Uniform composition

= High purity

= Microstructural control—i.e., pore volume {0-65%), pore size
{(<0.4 to >5.0 nm}, and surface area {<1 to 250 m2/g)}

» Less expensive than vapor-phase processes such as chemical vapor deposition
and sputtering

Spinning is widely used for applying sol—gel coatings:
+ thin coatings of PZT for micro-electro-mechanical systems (MEMS).
+ antireflective layers on glass substrates and solar reflecting coatings on flat glass.

Carter, Norton, Ceramic Materials: 24
Dr. Boris Golman, Ceraric Powder Processing 526208 Science and Engineering,



IH. Thin films and coatings

Dip coating

e e Searvaainn

o R e e

* An accurate and uniform coating thickness

depends on precise speed control and minimal

vibration of the substrate and fluid surface.

* The coating thickness is mainly defined by the

withdrawal speed, the solid content and the
viscosity of the liguid.

Dr. Boris Gelman, Ceramic Powder Pracessing 526205

http://en.wikipedia.org/wiki/Dip-coating
nttpsffwnw.ceramicindustry.com/farticies/advances-in-sol-gel-technology

ications of Sol

lil. Thin

films and coatings

Immersion : the substrate is
immersed in the solution
Start-up: the substrate has
remained inside the solution
for a while and is starting to be
pulled up

Deposition: The thin layer
deposits itself on the substrate
while it is pulled up with a well-
defined withdrawal speed
under controlled temperature
and atmospheric conditions
Drainage: Excess liquid will
drain from the surface.
Evaporation: The solvent
evaporates from the liquid,
forming the thin layer.

Fiald Froperty Examples

Electronic Ferroelectric .Ba’i‘eéa, PZT
Piezoelectric PZT
High-Tgsuperconducior  YBayCuz0;
Ferfimagnetic Doped FayOy.
Transparent conductors - Indium tin oxide

Qptical Antireflective T8I0,
Solarreflecting TiOx/Pd
Efectro-optic PLZT

Protective Corrosion resistant Si0;
Abrasion resistant Organic: modified silicates
Barrier films Y8Z

Biomaterials  Bone céll regeneration  Calcium apatites

PLZT Eea{:{-!anlhanum-zircﬂriaﬁe-‘tifanalé, PZT lead zirconate fitanate, YSZ yitria-
‘stabilized zirconia.

Dr. Baris Golrman, Ceramic Powder Processing 526205

Carter, Norton, Caramic Materials:
Science and Engineering.

28



Advantages

= High purity raw materials .
* Low process temperature .
* Good homogeneity .
* Production of multicomponent .

composite products .
* Fabrication of special products .

such as films and fibers

Dr. Boris Golman, Ceramic Powder Processing 526205

Disadvantages -

Relatively high cost 6f raw materials
Large shrinkage during processing
Residual pores

Possibility of cracking during drying
Long processing times _
Special handling of raw materials
usually required

Health hazards of organic solvents

29

'SS

Applications

ORMOSIL
ORganically MOdified SILicate
ORMOCER
ORganically MOdified CERamic

CERAMER
CERAmic polyMER

Dr. Boris Golman, Ceramic Powder Processing 526205 Pierre-and-Marie-Curie University




Scratch resistant coatings on plastics

Sol-gel coating

/OR
polymer «— R — Si- OR — SiO;
“
OR

hitp://www.labos.upme fr/lcmen/files/fvage/Cours Amians 2608-2005/3, Sol-Gel Hyhrids.ppt
Pierra-and-Marie-Curie University

hydrophobic coatings on windshields

OR
R-(CH,) —Si/ or "™=> HO- R = hydrophobic group : CF,, CH,, ...
12 et

“OR

Hybride PDMS -+ TEOS : « sliding effect »

FAS = CF,-(CF,),-CH,-CIL,-Si-(OCH
Hybride PDMS + TEOS + FAS : against rain 3 (CFy)CHy-CH,-Si( a)s

http: )i
Pierre-and-Marie-Curie University



Sol-gel hydrophobic coatings

G. Schottner, Chem. Mater. 13 (2001) 3422

Stainless steel without coating

.

.
-

.

i
:,%
e

Stainless steel with an
abrasion resistant

fluorinated hybrid coating

bitp:/weawlabos.upme.frilemep/files/livage/Cours Amiens  2008-206973" Sol-Ge
Pierre-and-Marle-Curie iiniversity

Hydrophilic and photocatalytic coatings

Two layers :

SiO, : hydrophilic, seratching resistant

TiO, : photocatalytic effect under UV irradiation
Thermal treatment at 600-C

Seigs: Yamazaki

Glass Research Center, Central Glass Co. Ltd., 1510 Obkuchi-cho, Marsusaka-shs, Mie.

E-mail sesit yamazaka@egeo.co jp

%ﬁg i

Hybrids

httpi/ A, labos,upme frfleme
Pierce-and-Marie-Curie University




‘anti-mist’ coatings

Central Glass - Japon

To avoid moisture condensation on a cold surface

Si0,-Zr0,

Nobuyuki ftakura,

Glass Rasearch Center, Cenira} Glass Co. Ltd.,

1516 Ohkuchi-cho, Matsusaka-shi, Miz, 515-0001 Japan
E-mail nobuyuki.itskura@egeo.cojp

8i0, / ZrO, colloidal + tep-layer SiO, ou
Gel = isocyanate + ethylene oxide/propylene oxide + PEG + PC polyol
dépdt par spin-coating + traitement thermique (@150°C); ép. 20pm

3..5ct-Ge! Hybrids,
Plerre-and-Marie-Curie University

Cathedral of Pragua Protection of the mosaic by an hybrid coating

after

Getty Museum - Los Angeles
http:/fwww labos upiie,frflemep/files/livage/Cours_Amiens, 2008-2009/3. Sol-Ge! Hybrids.ppt

Pigrre-and-Marie-Curie University



Nano-patterned films

produced by embossing a hybrid coating

Periodic microstructure leading to “lotus ’ effect
a gradient in the refractive index

non-coated —.Ji

S
%

R

Filling composites for dental applications

Reduction of polymerization shrinkage

Definite® & Admira® resins
Fraunhofer ISC - VOCO GmbH)

h i i SR
bttp:/fwww tabos.upme.frflemep/ffiles/livage/Cours _Amiens 2008-2009/3. Sol-Gel Hybrids.ppt

Pierre-and-Marie-Curie University




sol-gel optics

bulk pieces
no crack or shrinkage upon drying (hydrophobic organics)

easily shaped materials (molding, polishing)

nano-composite = transparency

http:/fwnenw labos eome frflemep/files/livage/Cours Amiens 2008-2009/3. Sol-Gel Hybrids,ppt

Pierre-and-Marie-Curie University




« Solid state reaction - Liguid phase solution

o Chemical reaction between o Precipitation from solution
solids o Coprecipitation

o Decomposition o Sol-Gel Processing

o Reduction « Vapor phase reaction

o Gas-solid reaction
o liguid-gas reaction
Dr. Boris Golman, Ceramic Powder Processing 526205 © GaS"gaS reaction

Lecture overview

* Introduction to precipitation processes

* Mechanism of precipitation process

* Examples of ceramic synthesis by precipitation method

¢ Advantages and disadvantages of precipitation method for synthesis of

ceramic materials

Dr. Boris Golman, Cerarnic Powder Processing 526205



Production of powdered material
from a solution

Evaporation Precipitation by adding a
of chemical reactant that reacts
liguid with the solution
Precipitation

Homogeneous solution
of precursors dissolved

in solvent
chem.ical nucleation
reaction
growth
o 1]
. AB v
particles [AB .4 @@§@

Dr. Boris Golman, Ceraric Powder Processing 526205

Nucleation chemical
(1) of fine particles reaction

fine
particles

Growth
by addition of more
(2) %

materials
to particle surfaces

Nucleation of fine particles and
their growth determine
the size, size distribution, shape and

agglomeration of product particles.

Dr. Boris Golman, Ceramic Powder Processing 526205



Compound in the solid state is in chemical equilibrium with a solution of that compound

precipitation
e ————

AB

Aviquia * Briguid solid

dissolution

dynamic equilibrium
| ]
¥
rate of dissolution = rate of precipitation

the solution is said to be saturated

The concentration of the solute in a saturated solution is known
as the solubility or the saturation concentration, Cs.

C=0Cs

saturation

A solution containing a higher concentration of solute than the
solubility is said to be supersaturated.

C>Cs

supersaturation

Solubility is temperature dependent.

Dr. Boris Goiman, Ceramic Powder Processing 526205

The thermodynamic driving force for nucleation and growth is the reduction of the
Gibbs free energy of a supersaturated solution by forming a solid phase and

maintaining an equilibrium concentration in the solution.

"
Supersaturation ratio: - 5
B «;%
_ Actual concentration in solution, C _ 4 %? @%’5’9@5?’%@} f’ig;gfgg:f;ﬁ'r
Saturation concentration, Cs 2. 5 \,L pracipitation
200 S
st Ny o
< P ?
At constant temperature and pressure: = U o Tmeg 3
s | WM"’““M .
— ‘vhq T |
AG = -RT InS |
molar Gibbs free energy Saturation. S {,,/c,,.)

AG=0forS=1
AG<Qfor §>1

Or. Boris Golrman, Ceramic Powder Processing 526205




-

standard free energy enthalpy of reaction temp. entropy change of reaction

AGgyw = AG®  + RTIK.

N ~
total free energy standard free energy  gas constant distribution coefficient

For equilibrium reaction: AGRXN - 0

i
1
i
1
1
i
i
1
i
i
1
i
I
I
I
I
I
I
I
t
I
I

' g / e Castellan, Physical Chemistry |
___________ P A oshitutul il A g e L

AG = -RT InS’
\

Supersaturation ratio

Cr. Botis Galiwan, Ceramic Powder Processing 526205

The thermodynamic driving force for nucleation and growth is the reduction of the

overall Gibbs free encrgy of a supersaturated solution by forming a solid phase and
maintaining an equilibrium concentration in the solution.

Supersaturation ratio:

Actual concentration in solution, C

"~ Saturation concentration, Cs

AG (i)

At constant temperature and pressure:

AG = -RT InS

I
molar Gibbs free energy

AG=0forS=1
AG<Qfor S>1

i

driving force g

o

Dr. Boris Golman, Ceramic Powder Processing 526205



Inclusions (seed) in solution

Dr. Boris Golman, Ceramic Powder Processing 526205

n.ethz.ch/~rysj/.../Keramik
Rahaman, Ceramic Processing, p.59

Homogeneous nucleation

Formation of nucleus (fine particles) is taking
place in a homogeneous solution without
foreign inclusions in the solution or on the
walls of reactor

Heterogeneous nucleation

Foreign inclusions in the solution (i.e. seed)
act to assist the nucleation

(la) Homogeneous nucleation

Supersaturated solution consisting of ions (e.g. hydrated metal ions)

Random local variations
in concentration

Dissolution of
small embryous

Formation of clusters of ions ( embryous)
by polymerization process

re<¥

Growth of large embryous, r>r*

Formation of embryous

Dr. Boris Golman, Ceramic Powder Processing 526205

Formation of solid nuclei

Growth of large embryous

Formation of nucleus

Step'1
n.ethz.en/~rys)/...fXeramik

i



Nucleus

r>r*: Growing AG=-RTInS

Embryo
1 r<r¥: Dissolving

Surface free energy

g : .
o [ T=25emime o AG=-—RTInS +{‘{ A !
Bl ez Surface (2 . v
4. ‘. r
—~ L ,f/ critical v = Volume of the aggregate
- o e = .
%{ 2 ,,ﬁfﬁ«-dw—wé—%ﬁﬁ " SiZe V= Molar volume of the precipitate
= ok '“"'““-‘ilw e
ey ) i O ')g g a5 v = Surface free energy
A 2T ;
sl \\\\\ }\\g A= Area of the aggregate
: AN Teta) . . : .
& Bk (%) ;&S\ if the particle/aggregate is a sphere:
B 3
’ AG ..@4 RT In S@®4nr2y
Radius, r{A%
S < 1: AG always positive Y !
$ » 1: AG with maximum at 1 {eriticat size) Bulk { interfiory  Surface

n.ethz.ch/~rysjf.../Keramik

Dr. Boris Golman, Ceramic Powder Processing 526205 ! 11

(la) Homogeneous nucleation

To increase nucleation:

(2} Increase supersaturation

Nucleation rate strongly depends on supersaturation ratio S
s{
(b) Decrease surface free energy

vl

nucleation @

nucleation

if the particle/aggregate is a sphere:
3
A G =02ELRT In S@4nry
3V _
Bulk {Interior”y  Surface 1

n.ethz.ch/~rysj/.../Kerar

&r, Boris Golman, Ceramic Powder Processing 526205



(Ib) Heterogeneous nucleation
* Heterogeneous nucleation takes only place as long as there are
seeds present

¢ Heterogeneous nucleation takes place at lower saturation ratio

in comparison with homogeneous nucleation

*  Heterogeneous nucleation:
Better control over particle size distribution, because the
nucleation rate is almost independent of S

*  Homogeneous nucleation:

Very sensitive to slight changes in S, difficult to controi

n.ethz.ch/~rysj/.../Keramik

Or. Boris Golman, Ceramic Powder Processing 526205

() Particle growth by solute precipitation

The rate-determining step in the growth of particles can be:

1. Diffusion of solute species toward the particle
2. Addition of new material to the particle surface by a surface

reaction

. surface reaction

,ih\»‘;‘% o
e

.
L

. .ch/~rysi/.../keramik
Dr. Boris Golman, Ceramic Powder Processing 526205 n.ethz Ch/ r\,fSJ/ /




(I1) Particle growth by solute precipitation

2. Addition of new material to the particle surface by a surface reaction

Mononuclear growth

Once a nuclear step is formed on the particle surface,
a layer has the time to completion before a new step appears

Layer by layer growth

Polynuclear growth

Formation of nucleation steps on the particle surface
is fast enough to create a new layer before the
previous one been completed

Dr. Boris Golman, Ceramic Powider Processing 526205 n.ethz.ch/~rysj/.../Keramik

Particle growth rate

Diffusion Controlled (low vy, high §)

dr i Growth rate is

— X — inversely

d ! v proportional tor -

particle
Nucleation controlled (high vy, low §)

Mononuclear

dr oc 72 Growth rate is

ds proportional to r?
Polynuclear

dr oc 70 = >< Growth rate does

ds o not dependon r

z{{ %;\ IR -. 6

n.ethz.ch/~rysj/.../Keramik

. e e s o
Dz, Baris Galman, Leramic rowder rrocessing 526205



Hormalized Number Distribution (%)

(I1) Particle growth by solute precipitation

Size distribution of particles

Diffusion Controlled {low vy, high S)

22
20
2 =206 pr
1.8.__- 4= 18 am.. & GO s
154 o QDX e g Ve WL E _
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o o (.05 ik
et 8 g5 R ﬂ**’"kﬁz-'z ¥,
T, ﬁ"*ﬁﬂ‘m‘ﬁ
104 O S FEE 1
1 A |
. »‘?_U&_&ym -3 -t li
& Moo | Tlme
.4 Fei * I
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0 . : .
(1) 0 ERE 25

Particle 'Size,_ﬁ;- f,u.m‘,l;

Dr. Baris Golrman, Ceramic Powder Frocessing 526205

dr 1

—_— 0 —

dtr r

Particle size distribution
harrows with growth time,
i.e., smaller particles grow

faster than the larger ones.

[
~}

Ring Fundamenitals of ceramic powder processing and synthesis

Normatized Number Distribution (%)

(If) Particle growth by solute precipitation

Size distribution of particles

Mononuclear growth

8

e Bt
al o= O em
! : For wil five: distributions, o, = 20 %
3 PR e

T =817 pm Tim’e
21 B 138 et
5= B 3T giim:
: o S0 e

T+ e B o 370 tn

& wr G sk,

} 2 3 4 5 &
Particie Size, R (1)

Or. Boris Golman, Ceramic Powder Processing 526205

drocr2
dz

Particle size distribution
broadens with growth time,
L.e., larger particles grow

faster than the small ones.

1

Ring Fundamentals of ceramic powder processing and synthesis



(II) Particle growth by solute precipitation

Size distribution of particles

Polynuclear growth

o

EE’ 6 %W’
c

-*% 51 Forgltfive’ distributions.o ="0.9 gm

e e B5 wm poe 18 pm .J;aa:LEairn o 30 e, o 20 g
:-;-—: 44 ol > 20 vt ’?'_1_6'5' : vq' = 0.7 & Bt = 8.0% T =0 %
a v

IR ) roh

£ _ P

< / 1 Time { :
5 24 : { — i +
= | : |

g 11 i 2 el 4 8

© , _

E Y : : et e 1

£ oo 0.8 1.0 1.5 2.0 2.5

Particie Size, R {um)

Dr. Boris Golman, Ceramic Powder Processing 526205

3.0

dr
drs

Particle size distribution
remains constant with growth
time, i.e., all particles grow

with the same speed.

Ring Fundamentals of ceramic pewder processing and synthesis

Ciim
J t nucleation + growth 1
g Rapid homogeneous nucleation
critical I —, - pic romo, Beneols nucleanon |
supersaturation | £ . '
a o
2 ‘ : Growth by diffusion
S I ,
] ! ;
o 1
3 : ; Sofubility
saturation !
5 r O S | O "
t 1 t
1 1
tl tZ Time f3

I ~ as reaction proceed, the concentration of the solute increases to or above the

saturation vaiue Cs.

Il —a critical supersaturation concentration, Css, will be reached at time t, and
homogeneous nucleation and growth of solute particles start.
Concentration decreases to a value below Css after a time t,

[t — particle grow by diffusion of solute through liquid and precipitation on to the
particle surfaces. Particle growth stops after a time t; when C=Cs

Dr. Boris Gotman, Ceramic Powder Processing 526205 Raha ma n, Ceram ic prOCessmg, p'63

20



LaMer diagram precipitation fro

To produce particles of uniform sizes:

* Nucleation: Nucleation should occur in a short time interapl, t,-t,.
Use a low reactant concentration

* Growth: Supply solute slowly to avoid nucleation and to provide uniform

growth
Critical limiting supersaturation
Cli | s m e s e e e
J
5 ¢ Rapid homogeneous nucleation
.@ 55 -——— K~ o e
4 L]
g : ;
g H ! Growth by diffusion
& I
o ! )
& ! f
3 i ' Solubility
o ¥ Solubili
I i : m - ==
1
I, ,
i 3 |
(] i
& ty Time t3

Br, Boris Golman, Ceramic Powder Processing 526205

Example of precipitation fr

Hydrolysis of solutions of metal salts

Hydrolysis:  Metal salt + water

* Metal ions are hydrated in agueous solutions

Me? + H,0 > hydrated metalions [Me(OH,) ]*

* Reaction of deprotonation of hydrated cation at ~ 100 °C

[Me(OH,),]** & [Me(OH), (OH,), I* +yH*

hydrated cation hydroxylated complex proton

{ f
i

Precursor to the nucleation of particles

* Nucleation and growth of uniform particles by adjustment of
temperature and pH

a2
Dr. Boris Golman, Ceramic Powder Processing 526205 Raha maﬂ: Cera mic PrOCESSl ng) p67



Hydrolysis of solutions of metal salts

Hydrolysis:  Metal salt + water
* Mixing of AI[{NO,), and Al,(SO,); :
pH=4.1
[APP*] to [SO,%] molar ratio = 0.5~1,
Al concentration = 2°104~ 5 » 1023 mol/dm3

* Heating (aging) of mixture of AI(NO,), and Al,(SO,),
at98°Cforupto84h, pH=3.1

Particles with uniform sizes

v’ Reaction is very sensitive to temperature: no particles at T< 90°C
v Particle size distribution depends on pH, reactants molar ratio and
concentration

- a2 23
Dr. Boris Gotman, Ceramic Powder Progessing 526205 Ra ha mani CEi'a mic PFOCESSIﬂg, p67

(a) Hematite

{b} Cadmium (d) Calcium
sulfide carbonate

——t —
Ly L By %
) 2]

HGURE 2,23 Enamples of the sizes, shapes, wd chemical compositions. for pewders proparcd by precipi-
tion form melal salt solutions, showing particles of {0) hemasite (o-FeyOz), (b) cadmium sulfide, (c) iran
11y axids, and (d) calciun catbonate.” (Fros Mutijevie, E., Morodispersed colloidal metal oxides, sulfides,
o phosphates, in Cltrastructure Processing of Cevunics, Glasses, and Composites, Hench, L.L. and Ulrich, 24

Dr. Boris Golman, Ceramic Powder Proced:’ D.R:, Bds:, Wiley, New York, 1984, chap. 27 With permission.}



Shape and size distribution of particles are sensitive to:

* temperature

*  aging time

* composition of salts

* concentration of metal salts

* pH of solution
FIGURE 224 Farticl e () by -nfiog for 25 1 af S0°C A sihition of 13 % 102 moligm? YCI, and
0.5 molidm® urea and {6 by dging for 19 ot T13°C & solution of 3.0 % 107 molid® YCL and 3.3 metidm?
wren. {From Aiken. B., Has, WR; and Matijevie, L., Prepiration and propesiies of monodispersed coltoidal
particles of lanthanide compéinnds, ;r..}\:m.'(.’umn'n. Sac., 71,845, 1988. With petinission.)

. L 5
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Precipitation of complex oxides

Complex oxides are oxides that contain more than one type of metal, BaTiQ,.

True coprecipitation
mixed metal precursor
crystal of double or triple salt

metal salt + metal salt + precipitation agent | * A*2+nB* + mX - AB X _ (s)
A X
{ v I J Segregative precipitation
| and coaggregation
metal salts (nitrites ,...) * Oxalatic, citric or other precipitation of separate
organic acids metal precursor crystals and
*  Ammonium hydroxide aggregation into a mixed
aggregate particle

A*2 £ 2X = AX, (s)
B*3 4+ 3X" — BX, (s)
AX, (s) + BX; (s) = AB X, (s)

, _ , aggregation
Br. Boris Golrnan, Ceramic Powder Processing 526205 Ring. Fundamentals of ceramic powder processing and synthesis




True coprecipitation

metal salt metal salt precipitation agent
+ +
A B X
Examples:

Double metal hydroxides
Cos(AsQ,)2* 8H,0
CdSe0, *2H,0
LIMnO, *3H,0

ZnCr,0,

Co,Fe(CN), *xH,0

©r. Boris Golman, Ceramic Powder Processing 526205

.

True coprecipitation
mixed metal precursor
crystal of double or triple salt

A2+ nB* + mX — AB X, (s)

Very good (atom level) mixing of
metal components

Ring Fundamentals of ceramic powder processing and synthesis

Segregative precipitation and coaggregation

M—

metal salt metal salt precipitation agent
+ +
A B X
sz e
Ao B

B, - \ W .

Nucleation Homo-aggregation

+ Growth Chemical segregation on aggregate scale

Nucleation
+ Growth

Dr. Boris Golman, Ceramic Powder Processing 526205

Hetero-aggregation
Chemical segregation on particle scale

Segregative precipitation
and coaggregation
precipitation of separate
metal precursor crystals and
aggregation into a mixed
aggregate particle

A2 42X — AX, (s)
B*3 + 3X" — BX, (s)

To decrease segregation use particles of small sizes

Ring Fundamentals of ceramic powder processing and synthesis

27




Segregative precipitation and coaggregation
Example: Ba(NO,}, + Y(NO;),+Cu(NO,}, + C;Hg0, —BaY,Cu,oxalate
Oxalic acid

Samples taken 5 min after mixing

Copper oxalate (large spheres)

Yttrium barrium oxalate mixture {small particles)

Samples taken 2 days after mixing
Copper oxalate (large spheres)

Yttrium barrium oxalate mixture coaggregated
with copper oxalate (crystal)

Ring Fundamentals of ceramic powder processing and synthesis

i
w2

Dr. Boris Golman, Ceramic Powder Processing 526205

Advantages Disadvantages

+ High degree of homogeneity * Relatively high cost of raw materials

+ Low reaction temperature » Difficulf to control particle average

- High purity raw materials size, size distribution and shape

* Possible production of particles (sensitive to process parameters)

with uniform size * Special handling of raw materials

usually required

30
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Spray drying

Spray pyrolysis

Freeze drying

Or. Boris Golman, Cerarnic Powder Processing 526205
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General Spray-drying Equipment Configuration

Binder,
Solvent  lubricant,

§
5
;

gl

g_

defloccelant Primary Atomization
. compressed air

Praoes Maale

St e e “_,...,‘z,..y..,,

Sturry feed
pump

Dr. Boris Golman, Ceramic Powtler Processing 526205
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Mechanism of drying of a slurry droplet

Sensible .
Shrinkage

A B - C
Droplet at initial Droplet heated to air Drying with
temperature wet-bulb temperature droplet shrinkage

Sensible
heat

Crust
progressing

K E
Sensible heatin End of drying Drying with
of the dried droplet crust formation

33

Dr. Boris Goiman, Ceramic Powder Pracessing 526205

Dry-bulb and wet-bulb temperature

wet cloth/wick

Air flow
s— o
— ~ 7
A f— '
Q
o O'igf:at;’fe"r:;a;rgijre sou Evaporation requires energy. The wick and
measure with a thermometer therefore the thermometer bulb decreases in

temperature below the dry-bulb temperature until
the rate of heat transfer from the warmer air to the
wick is just equal to the rate of heat transfer
needed to provide for the evaporation of water
from the wick into the air stream.

The temperature reached is called the wet-bulb
temperature

34
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General Spray-pyrolysis Equipment Configuration

O Pump

~ Two-fluid nozzle

Py
\/ «/X Eleciric furnace

“

1500 mm

Starting solution
reservolr

y. N
300 mmq&\/ =

Bag filter

Dr. Boris Golman, Ceramic Powder Processing 526205 Akao et al. Internaticnal Iournzl of Chemicaf Engineering, 2010, Article [D 175914

Mass Production of LiFePO4/C Powders by Large Type Spray
Pyrolysis Apparatus and Its Application to Cathode for Lithium
lon Battery

Starting reagents: LINO,, Fe(NO,},*9H,0, and H,PO,.
Source of C: Various types of organic compounds such as sucrose, fructose,
white sugar, and citric acid
Pyrolysis temperature: 500°C
As-prepared LiFePO4/C powders were heat treated at 700-C for 2 hours in the electric
furnace under argon (95%)/hydrogen (5%) atmosphere

36
frr, Boris Golman, Ceramic Powder Processing 526205 Akao et at. International Journal of Chemicel £ngineering, 2019, Article 1D 175914



* Solid state reaction Liquid phase solution

o Chemical reaction between o Precipitation from solution
solids o Co-Precipitation

o Decomposition o Sol-Gel Processing

o Reduction - Vapor phase reaction

o Gas-solid reaction
o Liguid-gas reaction

Dr. Boris Golman, Cerasic Powder Processing 526205 O Gas"gas reaction

State Reacti

Lecture overview

Powder synthesis by fluid-solid reaction

* Introduction to fluid-solid reaction

* Examples of ceramic powder synthesis by gas-solid reaction

* Mechanism of gas-solid reactions

» Examples of ceramic powder synthesis by liquid-gas reaction

+ Advantages and disadvantages of fluid-solid reaction for synthesis of

ceramic powder

Cr. Boris Goiman, Ceramic Powcder Processing 526205



Fluid Solid Reactions

Fluid-solid reaction: Heterogeneous reactions in which a gas or liquid

contacts a solid reactant, reacts with solid reactant, and transforms it into

product
A(fluid) + bB{solid) -2 solid products
Affluid) + bB(solid) -> fluid and solid products
Fluid
product
A
Fluid
reactant :
Solid Solid
reactant product
Dr. Boris Golman, Ceramic Powder Processing 526205
Fluid Solid Reactions
Different behavior of reacting solid particles
Initat Partiy Completely
unreacted rgacted reacted
particle patticie particle
Time Final particle is
e hard, firm, and
unchanged in size
initigh
unreacted
particle
Time Time Time Particle shrinks
—_— e @ —> 0 with time, finally

disappearing.

- Flaking ash or gaseous
products cause
shrinkage in size

. . Levenspiel Chemical Reaction Engineering
Dr, Boris Golman, Ceramic Powder Processing 526205



Examples of gas-solid reactions

* Oxidation of sulfide ores to produce metal oxides
Preparation of zinc oxide

2ZnS(s) + 3 0,(g) = 2Zn0 (s) + 250, (g) Strongly exothermic

Preparation of iron oxide
4FeS,(s) + 11 0,(g) > 2Fe,0, (s} + 850, (g)
* Reduction of metal oxides with hydrogen
Fe,0,(s) + 4H, (gas) => 3Fe (s} +4H,0 (g}

»  Oxidation of metals

O,(g) +4/3 Al (s) = 2/3 Al,05(s) Strongly exothermic
+ Nitridation of metals
N,{g) +3/2 Si(s) > 1/2 SisN,(s) Strongly endothermic

No{g) + 2 Al{s} > 2 AIN(s)

N,{g)+2B{s} = BN({s}
Carburization of metals

N,(g}+ TiC(s) => TiN{s)+ C(s)

N,(g) + MgC,(s) = MgCN,(s) + C(s)

-

] ] ] Ring Fundamentals of ceramic powder processing 5
Dr. Borls Golman, Ceramic Powder Processing 526205
Mechanism of fluid-solid reactions
A(fluid) + bB(solid) - fluid and solid products
Progressive-Conversion Model
Low High
conversion conversion
gas
* Reactant gas enters and reacts
throughout the particle at all times
1S |
= Solid reactant is converied - i !
gas 7 | i !
continuously and progressively A { : i
f t 1
throughout the particle (A X {1 orginal
5, w E : ’;‘ 11' concentration
LI R I R
LS
g8 { i i i |
ol | § { | i i
e i i |
&7 I ; ! } ]
i i I I
T SRR TO I S R T I
R R ] 0 R R o 2

Radial position

Levenspiel Chemica! Reaction Engineering
. Boris Golman, Ceramic Powder Processing 526205



Mechanism of fluid-solid reactions
A(fluid} + bB(solid) - fluid and solid products

Shrinking-Core Model

gas
Low Sniig porous Unreacted High
« Reaction occurs first at the outer gas conversion product core conversion
. iy
surface of the particle. The .
Time Thme
reaction zone then moves into - 1
. . . : §
solid, leaving behind completely i '1 é ; Reaction§ - i
converted material and inert A b ! E b } one { ! E
b u;gﬁs‘n ( - T A
solid product, so called ‘ash’. s 11 L i { i £ i
=Sl ! t { ! i H i
* At any time there exists an gg | ; | ! : i
T | i | | H i
unreacted core of material 8B i { | | 1
£§%1 1 ! l | ! f
which shrinks in size during Al A 3 b ‘ | b i \ b
reaction R 0 ' R 0 R R 0 R
Radial position
Levenspiel Chemical Reaction Engineering 7

Dr. Boris Golman, Ceramic Powder Processing 526205

Shrinking-Core Model for Spherical Particles of
Unchanged Size

RiHEN Partty Complialy
urreagied reacted reactidd
particle parliche particle

Final parlicle is
Baed, firm, and
unchanged i 5ide

% Timn TFem
——— s

i
;

Five steps occurring in succession during reaction

Gas Flm~ Surfaca of

N . i Hoving reaction particle -

Step 1. Diffusion of gaseous reactant A through film ~ surface
~

surrounding particle to the surface of solid.

Step 2. Diffusion of A through layer of ash (product)
to the surface of the unreacted core.

Step 3. Reaction of gaseous A with solid at this
reaction surface.

Step 4. Diffusion of gaseous products through the
product layer back to exterior surface of
solid.

Step 5. Diffusion of guseous products through gas
film back into the main body of fluid.

Concentation of
rgactant A and pr

r. e
Radia! position

. Levenspiel Chemical Reaction Engineering
Cr. Boris Golman, Ceramic Powder Processing $26205



Shrinking-Core Model for Spherical Particles of
Unchanged Size

Rate limiting step:

(1) Diffusion through gas film

4

-

/,”G%fmn“~\

N

Surface of shrinking
unreacted core

Ui [
i Syt 7
a GEots | //'l
H | | f :
_ e S g S
u“ g | 1 P Concentration
s Che et ST S in main
g8 ! i ; body of gas
- i i I
£8 | ! I .
a2 1 : i For irreversible
§ g : ; ; reaction
& i ! i Cro=0
A
Cap=Cp L >
¢ w 0, R
Radial position

Levenspiel Chemical Reaction Engineering
Dr. Boris Golman, Ceramic Powder Processing 526205

Shrinking-Core Model for Spherical Particles of
Unchanged Size

Rate limiting step:

(2) Diffusion through product layer

O = fux of A through exterior susface

Gas film \\/" . of particle (inward +, ovtwart -}
’ sl O = Tlux of A theough surface

of any radius r

Unreacted (a0 = Tux of A'to the reaction surface

eore

Typical position in diffusion region

CAg =Cp

Ca

Concentration of
gas-phase reactant

CAC=D

Radial position
Levenspiel Chemical Reaction Engineering

Or. Boris Golman, Ceramic Powder Processing 526205
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Shrinking-Core Model for Spherical Particles of
Unchanged Size

Rate limiting step:
(3) Chemical reaction

/'- b ”"'M__h
<7 @Gasfilm ™
rd N
tinreacted

Cpp=Cpe=Cy,

Concentration of
gas-phase reactant

1 G Q for
irreversible

: reaction

1

I
r. 0 r R
Radial position

4

Levenspiel Chemical Reaction Engineering
Dr. Boris Golman, Ceramic Powder Processing 526205

Model of shrinking spherical particles

Time Time
Particle shrinks
with time
Initial unreacted Flaking product
particle cause shrinkage in size

Three steps occurring in succession during reaction

Gas Fifm Surface of
. . Moving reattion :.X'-- particie
Step 1. Diffusion of gaseous reactant A through fifm -~ surace - T

surrounding particte 1o the surface of solid. K

Step 2. Reaction of gaseous A with solid at this
reaction surface.

Step 3. Diffusion of gaseous products through
gas film back into the main body of fluid.

o a0
z $ry

Cencentration of gaseous
reactant A and product R

[3r. Boris Gelman, Ceramic Powder Processing 526205 Redial position

11
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Fluid-solid reaction kinetics

Possible rate determining steps:
» Surface reaction
» Mass transfer in the boundary layer surrounding the particie
» Diffusion in the product layer
» Heat transfer in the boundary layer surrounding the particle

* Heat conduction in the product layer

L~ Surtace of particle

Kaving
mactian sm(ace\\

/» Sradunt tayer

I
-

)

-.p“-‘, ——

BET G :

IS 2

Fus o
535

CPEEAN g

EE- LTI S it e G ey =

255 6, 5

S8 85; g

-

Radial pogitian 13
Dr. Boris Goiman, Ceramic Powder Processing 526205 Ring Fundamentals of ceramic powder procassing

Fluid-solid reaction kinetics

Conversion versus time of a single spherical particle reacting with a surrounding gas

1.0

Particlos of constant sire
) Ga& mm ditfusion

0.8 chammni raaction

< controls

Ash Iayar diffusion
conirols
0.0 Strinking_narticles

~S3tokos rogimo

Conversion
1%,

0.4 +
Reaction
controly
Q.2
o v v o ek
[+] 0.2 0.4 0.6 o.8 1.0

Dimensionlass tEme, t/’E 1 time for complete conversion

t a B15-20 for boundary layer mass transfer or boundary layer heat
transfer (the exponent drops as the Reynolds number rises, i.e, turbu-
lent flow),

¢ a R for praduct layer diffusion control or product Jayer heat conduc-
tion control,

¢ ¢ R for chemical reaction control.

. . . . . 14
Levenspiel Chemical Reaction Engineering
Dr. Boris Golman, Ceramic Powder Processing 526205



Fluid-solid reaction kinetics

Rate of reaction versus temperature

Aate of reaction

7

Chamical reaction step controls

Fitm diftusion controls
Ash diffusion controls

Dr. Boris Golrman, Ceramic Powder Pracessing 525205

Temperature T

Levenspiel Chemicai Reaction Engineering 15

Filuid-solid reactors

Product

Rotary dryer

Fluid in

= Bed of
satlds

Fiuld out

Packed or moving bed

Dr. Boris Golman, Ceramic Powder Processing 526205

Hot gas

Solids

Salids in e

/r’;&* Gias put
Y ot

i Solicls out

I~ Gasin

Fluidized bed

Levenspiel Chemical Reaction Engineering 16



Liquid-gas reaction

Synthesis of Si;N,
T=273 K
SiCly (lig) + 6NH;{g) = Si(NH), +  4NH,C
Silicon tetrachloride ammonizys’llﬂn diimide ammonium chloride

(polymeric species)

Polymerization, T=633K T=673K
Si(NH}), > 6ISI(NH),1; > 2[Siy{NH);N,] + 2f NH,4
silicon diimide

T=923K
20Si,(NH);N, ), > 3[Siy(NHIN,]. + fNH,

j/ T=1473-1673K

. N . - 17
Sepal Chemical synthesis of advanced ceramic materials, p92 1
Dr. Boris Golman, Ceramic Powder Processing 526205

Liguid-liguid reaction
Synthesis of Si;N, (UBE process)

Table 6.1, Typical properties af w commerciclly avaitable silicon
nitride ponvder maide by o lguid phase reavion (Koltoku eral., 1986;

SiEL, atis Yamada, Kawahine & fwa, 1984)
Setutinn Liguid

Grade TE-SNVE 10

Crganic sglvent: ww«m—j YBESNEL

Cyclohexape+benzene T=233 K Muozphaotopy Equisxed
Surface areal{m’ g™} 10

Satid G Interingial Crystaliinity 1604
1 Beortion i SN, (waright %) MYl
SN {weight % @d
ey Metallic impurities (weight %) FedU05): Ca{= 0801
Filter ard Vst Al{L00Z}

SO

MNomelalléc impurities {weight %} W3 {1 g G UUS)

Hilighn fimide

3
Satine T=1273 K

;

Ammrehens GiN,

EE Coleene [ T=1823 K
Ty

N alhithin
i T
’ y
o o T
Crystetiing S, 3 it it
. ot ¥R, 4% F 39 g3t

Segal Chemical synthesis of advanced ceramic materials 16
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Fluid-Solid Reactions

Advantages

* Inexpensive for particles of large size
* Relatively simple reactor systems

» Suitable for large scale production

Disadvantages

* Low purity
* Product can cover unreacted reactant and yield to incomplete reaction 2>
impure final product

* Relatively expensive for fine powder

Or, Boris Golman, Ceramic Powder Processing 526205
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* Solid state reaction + Liquid phase solution

o Chemical reaction between o Precipitation from solution
solids o {o-Precipitation

o Decomposition o Sol-Gel Processing

o Reduction - Vapor phase reaction

o Gas-solid reaction
o Liguid-gas reaction
Dr. Baris Golman, Ceraric Powder Processing 526205 o GHS“gaS FE&CtiC)n

Lecture overview

* Introduction to gas phase processing

* Mechanism of gas phase processes

* Typical reactor configurations

* Examples of ceramic synthesis by gas phase method

* Advantages and disadvantages of gas phase method for synthesis of

ceramic materials

i

Dr. Boris Golman, Ceramic Powder Processing 526205



Introduction to gas phase synthesis of

ceramic materials

Gas phase synthesis involves the dissociation and/or chemical reactions of

volatile reactants in gas phase or on a growth surface in a activated (flame,

heat, light, plasma) environment, followed by the formation of a stable

solid product.

A

Powder production

Fitania, Silica, alumina

Gas phase synthesi

5

Chemical Vapor Deposition (CVD) | ™ L

.y | Coating

« semiconductors (e.g. 5i, Ge, 1=V, 1=V

+ dielectrics (e.g. SIO,, AN, Si;N,, etc.)

« refractory ceramic materials {e.g. Ti8,, SiC, 8,C,
BN, TiN, Al,O,, Zr0,, MoSi,, diamond, etc.}

* ceramic fibres (e.g. SiC and C) and ceramic matrix

composites (e.g. SiC/SiC,SiC/C)

Dr. Boris Getman, Ceramic Powder Processing 526205

A8, {g}

lechanism of gas phase synthesis of

ceramic materials

(g}

homogeneous gas
phase reaction

{g)

+ s e
s (3a} 3
powder /
(3}

intermediate

layer

Vapor precursor
feed system

A
Boundary

L

(2) |
ﬂ? (1} T species fs}
AB, (lig) 13h) crystallization

and growth

hetercgeneous {5
O reaction % d|ffusmn

Heated substrate

Reactor

{1) Generation of active gaseous reactant species.
{2) Transport of the gaseaus species into the reaction chamber.
{3) Gaseous reactants undergo gas phase reactions farming intermediate species:
{a) homogeneous pas phase reaction forming powders and volatile by-products in the gas phase.
{b) diffusionfconvection of the intermediate species acrass the boundary layer close to the substrate surface,
(4) Absorption of gaseous reactants onto the heated substrate and the heterogeneous reaction at the gas—solid
interface (i.e. heated substrate) which produces the deposit and by-product species.
(5) Diffusion of deposits along the heated substrate surface, formation of the crystalfization center and growth of the film.
{6) Gaseous by-products are removed from the boundary layer through diffusion or convection.
{7) Transport of unreacted gaseous precursors and by-products away from the deposition chamber,

Dr. Boris Golman, Ceramic Powder Processing 526205 K.L. Choy / Progress in Materials Science 48 (2003) 57-170

7

Powder collection and
effluent gas treatment
system



Island or Volmer-Weber growth

Island growth occurs when the growth species are more strongly honded to each other than to the
substrate. Subsequent growth results in the coalescence of islands to form a continuous film,

Layer or Frank- van der Merwe growth

Layer growth occurs when the growth species are more strongly bonded to the substrate than to each
other. First, a complete monoelayer is formed, then the deposition of a second layer occurs.

[sland-layer or-Stranski-Krastonov growth

Island-layer growth is a combination of layer growth and island growth. Such a growth maode typically
involves stress, which is developed during the formation of nuclei or films.

Dr. Boris Golman, Ceramic Powder Processing 526205 Chemical processing of ceramics, p 512

Typical chemical reactions

* Pyrolysis or thermal decomposition:
SiH, {(g) = Si (s} + 2H, (g) at 650°C
Ni{CO), {g) => Ni(s) + 4CO (g) at 180°C
* Reduction:
SiCl, {g) + 2H, (g} => Si (s) + 4HCl (g} at 1200°C
WF; (g) + 3H, (g) = W (s) + 6HF (g) at 300°C
*  Oxidation:
SiH, (g) + O, (g} =» SI0, {s) + 2H, (g) at 450°C
4PH, (g) + 50, {g) 2 2P20; (s) + 6H, (g} at 450°C
*  Compound formation:
SiCl, (g) + CH, (g) = SiC (s} + 4HCl (g) at 1400°C
TiCl, {g) + CH, (g) = TiC (s) + 4HCl (g} at 1000°C
« Disproportionation:
2Gel, (g) = Ge (s) + Gel, (g) at 300°C
* Reversible transfer:
As, (g) + As, {g) + 6GaCl (g) + 3H, (g) = 6GaAs {s) + 6HCI (g) at 750°C

Dr, Boris Goiman, Ceramic Powder Processing 526205 Chemical pracessing of ceramics, p 512



Schematics of gas phase reactors

Flame reactor Radio frequency plasma reactor
i i s -

Ly U |

‘ Sicrass ,'-§ sevsmicvsieiomemio i

O

OGRS oo

e

P e ol TR

R

Lager Light

br, Boris Golman, Ceramic Powder Pracessing 526205 Ring, Fundamentals of Ceramic Powder Processing and Synthesis, p. 258

Flame synthesis of ceramic powder

A flame i3 the visible, gaseous part of a fire.
The appiied heat causes fuel molecules in
the candle wax to vaporize. [n this state they
can then readily react with oxygen in the air,
which gives off encugh heat in subsequent
exothermic reaction to vaporize yet more
fuel, thus sustaining a consistent fiame.

Flame reactor

http:/fen.wikipedia.org/wiki/Flame

Examples:
Reaction of titanium tetrachloride with oxygen or steam to produce a submicron
spherical pigment grade titania Ticl,

33y |5

TiCl, {g) +2H,0 (g} -> TiO, {s) + 4HCl (g) ity 5 Tol,

Highly exothermic reaction
THOCl, e

25 | +TTy

Ti;05Ch

i
i
13 1500 |

TigQCly o mmeesommmnmn s
TisDgCly mz:g;— TiD,

Singh Direct Numerica! Simalation and Reaction Path Analysis of Titania Formation in Flame Synthesis
Or. Baris Golman, Ceramic Powder Processing 526205 Ring, Fundamentals of Ceramic Powder Processing and Synthesis, p, 258



Examples:

Reaction of silicon tetrachioride with oxygen to produce silica
SiCl, (g) + 0O, (g) > SiO, (s)+ 2CL; (g)

* Production of Al,O,
reactant: acetylacetone Al{C,H,0);

* Production of Fe,0,, Cr,0,, Al,Oy, V,0,, TiO,, Sn0,, Si0,, ZrO,
reactant: metal chlorides

* Production of GeO,, SiO,, PO, B,O,
reactant: GeCl,, 5iCl,, SiBr,, POCl,, BCl,

Singh Direct Nurserical Simulation and Reaction Path Analysis of Titania Formation in Flame Synthasis

Dr. Boris Golman, Ceramic Powder Processing 526205 Ring, Fundamentals of Ceramic Powder Processing and Synthesis, p. 258

Chemical Vapor Deposition process
i Fuerane Wedings

DOUOOOO00

Furnace reactor

o l Tesesion tone:

DOoOOoD0D o0
Various CVD reactor configurations for coating:

o o a o

el Q
” M* : : @

8 ¢ o o * d

U
ta) (b} (c}
horizontal vertical ~ semi-pancake

o oo o

4‘
X
Y barrel multiple wafer

14
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Relationship of process parameters, CVD phenomena
and coating properties

TN

[ Process Paramelers

Coating properties |

Nucieatlon & growth
Beposition rate
Microstructure
Composiionfstoichiometry
Coating thickness
Unlformity and adhesion

* * W s

properties

Dr. Boris Gelman, Ceramic Poweder Processing 526205

Physicallchemical/electical
optlcal/magnetical/mechanical

Type of precursor
Gas ratio
Substrate T/Deposition T
Pressura

Flow rate
Deposliion tine
Reactor geometry

TN

CVD phenometia

« Themodynamics

+  Chemioal kinotics (gas phase!
surface

+  Mass transport

K.L. Chay / Progress in Materials Science 48 {2003} 57-170

Relationship of process parameters, CVD phenomena

and

coating properties
Temperature

* controls both the thermodynamics and the kinetics of the coating process

+ deposition temperature must be achieved and maintained in order for the
reaction to occur on the substrate and not in the gas phase

* temperature must be chosen to result in an appropriate microstructure of

product (e.g. grain size and

shape)

* the uniformity of the coating depends on temperature

*  Atmospheric pressure — growth processes are frequently transport controlled
The structure and composition of the deposited films depend on the substrate

Pressure

temperature, gas flow rates, reactor geometry and gas viscosity

* Low pressure - growth processes are frequently controlled by chemical

reaction

Dr. Boris Gelman, Ceramic Powder Processing 526205

K.L. Choy / Progress in Materials Science 48 {2003} 57-172



Relationship of process parameters, CVD phenomena
and coating properties

Coating uniformity

Reduction of reactants can resuit in a non-uniform coating thickness.

This can be overcome by
+ rotating the substrate

* improve precursor mixing by stirring the reactants and/or reversing the gas
flow direction periodically

+ tilting the substrate (e.g. 45) to enhance the projection of down stream
substrates into the boundary layer

* create a temperature gradient across the substrate

13
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Chemical Vapor Deposition process

= Atmospheric pressure APCVD
Thermally activated chemical vapor deposition <, Low pressure LPCVD (0.01~1.33 kPa)

(TACVD) N
Ultrahigh vacuum UHVCVD

{less than 10 kPa)

. . > Radio frequency plasma reactor
Plasma enhanced chemical vapor deposition /\

{PECVD) > Direct current plasma reactor

Photo-assisted chemical vapor deposition (PACVD)

Metalorganic chemical vapor deposition (MOCVD)

Singh Direct Numertcal Sinulation and Reaction Path Analysis of Yitania Formation in Flame Synihesis

Dr. Boris Goiman, Ceramic Powder Processing 526205 Ring, Fundamentals of Ceramic Powder Processing and Synthesis, p, 258



Thermally activated chemical vapor deposition

Applications Coating of ceramic powder

Coating of silicon nitride fine particles with aluminum nitride  AICI;+NH; = AIN + 3HCI
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Thermally activated chemical vapor deposition

Applications Coating of ceramic powder
Coating of refractory materials TiC, TiB, and B,C with carbon for nuclear applications

Carbon is deposited from the decomposition of a hydrocarbon precursor such as
propylene {C;H,) at 1350 C.
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Thermally activated chemical vapor deposition

Applications Optical fibers
Sintered
glagsy lnyer
ﬁmﬁtlng Carg Wkl
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Exhast BT : &= '
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Moving i -
heat source
Oxy-hydrogen burner

Si0, particles are formed in gas phase via homogenous gas phase reaction SiCl,+0, = SiO,+ 2Cl,
Particles are deposited in the form a porous mass ahead of the burner, initially onto the wall of
the silica tube.

The heat of the burner fuses the porous mass into a sintered glassy layer. The deposition process
continues until the core material has been deposited.

The tube is then heated at high temperature (e.g. 1800 C) to form a solid preform rod which is
subsequently heated and drawn £o 100 um fibers.

Dr. Boris Golman, Ceramic Powder Processing 526205 K. Chay / Progress in Materials Science 48 (2003) 57-170

Metal-Organics Chemical Vapor Deposition (MOCVD)

Use metalorganics as precursor

Metalorganics : metal atom bonded to organic

Advantages

L]

Limitations

radicals, e.g. metal alkyls Al{CH,);

Decompose at low temperature
Decompose cleanly to give desired product
Process can be performed at atmospheric
pressure and low pressure

Deposition is kinetically limited at low
temperature or pressure =

Reproducible and uniform coating

Metalorganic precursors are very expensive and
they are not widely available commercially
Precursors are normally very reactive and hence
they are difficult to purify.

Toxic

Or, Boris Golman, Ceramic Powder Processing 526205



Metal-Organics Chemical Vapor Deposition (MOCVD)

Applications

*  Growth of epitaxy of lll-V semiconducting materials for opto-electronic applications
(light-emiting diode, solar cells, photocathodes, advanced laser)

H,

(CH . Gafel + NHy{pl —r  GaN{s) + 3CH,(g)
10400

* Growth of ferroelectric (e.g. PbTiO,, PbZrTiO,, BaTi0,), dielectric (e.g. Zn0O) and
superconducting (e.g. YBa,Cu,0x) films.

19
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Applications of Chemical Vapor Deposition Coating

CVD Coatings Substrates Properties
Chromium Solid solution alloys Corrosion / oxidation resistance
(i) with Iron, Nickel and Cobalt Wear / corrosion resistance

(i) on fron as carbides and nitrides

Aluminium As Aluminides with Iron, Cobalt and Nickel High temperature oxidation
resistance

Boron As Borides with Iron, Cobalt and Nickel Wear / erosion resistance

Silicon As Silicides with Iron, Tungsten and Melybdenum High temperature oxidation
resistance

Titanium As carbides, nitrides and carbonitride on ferrous and Wear resistance

non-ferrous alloys

Manganese Solid solution alloys on carbon steels Wear resistance

20
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Chemical Vapor Infiltration (CVI) for manufacturing
of ceramic matrix composites

Chemical Vapor Infiltration method of ceramic matrix composites fabrication is a
process in which reactant gases diffuse into a porous preform and form a deposition.
Deposited material is a result of chemical reaction occurring in porous space.

bbb b e BEIEEA

\ \
furnace 5\7 Ceramic porous solid 8237 ggs
gas ggs preform deposit
L2000 oume | tme
gas
. . 21
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Mechanism of Chemical Vapor Infiltration {CVI)

| Outer%//
Bulk fluig | surface /Solid

L Elgid fitm /
boundary

layer 2;;
é

phase

Inner surface

1. gaseous precursors penetrate into the boundary layer from the bulk gas;
2. gaseous species are transported by diffusion into the pores within the fiber preform;
3. gaseous species are adsorbed onto the inner surface of the pore;
4. chemical reactions take place and coating forms on the fibre surface;
5. volatile by-products are desorbed from the surface;
6. gaseous by-products are fransport outwards by diffusion; and
7. gaseous by-products return to the bulk gas through the boundary layer.
22
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Chemical Vapor Infiltration {CVI) for manufacturing
of ceramic matrix composites

isothermal and isobaric CVI

Isothermal and isobaric CVI (1-CVI): : _ o
both temperature and pressure are kept ij? _ : .. *.WMTS

constant during the infiltration process. R
-

Advantages
* relatively easy

+ good consistency of the finished product due to
strict thermal and pressure parameter control

« alarge number of complex preforms can be
densified simultaneously

)

BEBHDHD R GG

Disadvantages S o
» rapid deposition reactions result in significant 4 I - I l ;mw;]mm

density gradients from the external region to the ! l l HeL

interior region of the preform, which slows down . L — '

the deposition rate, Yacuum Tl‘ﬁp
* slow-deposition reaction results in a long F;UITZ:@

densification time.
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| Applications of Chemical Vapor Infiltration

Preparation of carbon-fiber-reinforced silicon carbide composite to improve the
oxidation resistance of C/C composites

Precursor: methyltrichlorosilane (MTS, CH,SiCl,)

Carrier gas: hydrogen

Conditions: temperature of 1000°C, H,/MTS mol ratio of 10 with Ar as dilute gas,
reduced pressure of 10 to 30 kPa

Traditional sintering method: 2000°C

Reduced pressures in I-CVI is used
(1) to increase gas-phase diffusivity = more uniform distributions of density and
microstructure within the composites

{2) to reduce or eliminate undesirable gas nucleation and the formation of by-products,
such as tar and soot in the case of carbon CVL

brittle ceramic fibres, such as Nicalon SiC and Al,O; fibres,
remain undamaged during the CVI process

ceramic matrix produced by CVI is much purer than that obtained with the hot
pressing method, in which sintering additives are generally needed

CH,SiCl,(V} + excessive H, = SiC(s) + 3HCI + H,

24
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Applications of Chemical Vapor Infiltration

manufacture of carbon/carbon braking disks

Application S5iC-matrix components in aero-engines

Vabrarywiies

P

The potential applications are nozzle flaps, exhaust
cone, flame stabilizer, combustion liners and turbines.

' ) . CVD - An integrated £ngineering Design Approach
0. Beris Golman, Ceramic Powder Processing 526205

Chemical Vapor Infiltration (CVI) for manufacturing
of ceramic matrix composites
Thermal Gradient and Forced Flow CVI

Conventional {isobaric) CVi Forced flow CV
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Advantages
. reduced processing time C.P. Deck, Motdeling Forced Flow Chemical Vapaor Infiltration Fabeication of $SiC-5iC
. e . . . Composites for Advanced Muctear Reactors, Science and Technology of Nuciear 26
- improved infiltration efficiency Instaliations Volume 2013, Article 1D 127676 '

Dr. Boris Golman, Ceramic Powder Processing 526205 CVD - An integrated Engineering Design Approach



Chemical Vapor Infiltration (CVI) for manufacturing
of ceramic matrix composites
Thermal Gradient and Forced Flow CVI

Cross-sections of FCVI-SiC/SiC

SiC fiber fabrics as preforms: 2D-piain weave of Tyranno SA.
Precursors: propyiene for carbon deposition and the
methyltrichlorosilane for 5iC deposition and infiltration.
Process:

The carbon interphase was deposited on the fiber surface by
decomposition of propylene with flow rate of

5%1072 dm3/min and 1 dm3/min Ar at 5 Pa, 1100 °C.

The SiC interphase was deposited by the decomposition of
MTS with the flow rate of 0.15 g/min and 0.25 dm3/min
H,at 5 Pa, 1100 °C.

Fracture surface of FCVI-SiC/SiC with multilayer SiC/C
interphase

N. Igawa, Fabricatlon of SiC fiber reinforced SIC composite by chemical vapor

infiltration for excellent mechanical properties, Journal of Physics and Chemistry of

Solids, V 66, 2-4, Fehruary—April 2005, 551-554 z7
Dr. Boris Golman, Ceramic Powder Processing 526205

Chemical Vapor Infiltration {CVI) for manufacturing
of ceramic matrix composites

Advantages
*  Low fiber damage due to relatively low infiltration temperatures

+  Matrices of high purity may be fabricated

* Low infiltration temperatures produce low residual mechanical stresses

* Enhanced mechanical properties (strength, elongation, toughness)

* Good thermal shock resistance

* Increased creep and oxidation resistance

* Matrices of various compositions may be fabricated (SiC, C, SiyN,, BN, B,C, ZrC, etc.)

Disadvantages
= Slow process rate {may continue up to several weeks)
» High residual porosity {10-15%)

» High capital and production costs

attp:/fwww.substech.com/dokuwiki/doku.php?id=fabrication_of 28
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Advantages

High purity product materials
Dopants can be easily added

Produces very fine particles
with narrow size distribution

Produces uniform coating films
with good reproducibility

Reactors can work continuously
and can be controlled precisely

Reasonable processing cost for
the conventional CVD
technique

Dr. Baris Galman, Ceramic Powder Processing 526205

Disadvantages

Particles are difficult and expensive to
separate from large volume of gas

Chemical and safety hazards caused by
the use of toxic, corrosive, flammable
and/or explosive precursor gases.

The use of more sophisticated reactor
and/or vacuum system such as low
pressure or ultrahigh vacuum CVD,
plasma assisted CVD and photo-
assisted CVD tends to increase the cost
of fabrication






