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10,1 Recrystallization and Grain Growth

10

he terms recrystallization and grain growth have had a very broad and
definite usage in much of the ceramic literature; they have sometimes
¢en used to include phase changes, sintering, precipitation, exsolution,
nd other phenomena which produce changes in the microstructure. We.
are mainly concerned with three quite distinct processes. Primary recrys-
“tallization is the process by which nucleation and growth of a new
eneration of strainfree grains occurs in a matrix which has been
stically deformed. Grain growth is the process by which the m<mnmmoﬂw
rain size of strainfree or nearly strainfree material increases continu-
usly during heat treatment without change in the grain-size distribution.-
condary recrystallization, sometimes called abnormai or discontinuous:
in growth, is the process by which a few large grains are nucleated and .
w at the expense of a fine-grained, but essentially strain-free, matrix.
hough all these processes occur in ceramic materials, grain growth and
ondary recrystallization are the ones of major interest.

drimary Recrystallization. This process has as its driving force the
nmwmma energy of a matrix which has been plastically deformed. The
ergy stored in the deformed matrix is of the order of 0.5 to 1 cal/g..
hough this is small compared with the heat of fusion, for example -
which is a 1000 or more times this value), it provides a sufficient energy
ange to effect grain-boundary movement and changes in grain size. .

f the isothermal change in grain size of strainfree crystals in a
&formed matrix is measured after an initial induction period, there is a
385 rate of grain maoéa. for the new strainfree grains. If the grain
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~ We have previously discussed phase changes, polymorphic transfor
tions, and other processes independent of, or subsequent to, the fabric:
‘tion of ceramic bodies. Phenomena that are of great importance are thi
‘processes taking place during heat treatment before use; these are
“subject of this chapter.

During the usual processing of ceramics, crystalline or noncrystallin
powders are compacted and then fired at a temperature sufficient
develop useful properties. During the firing process changes may
“initially because of decomposition or phase transformations in som
‘the rhases present. On further heating of the fine-grained, port
“compact, three major 'changes commonly occur. There is an increase
grain size; there is a changein pore shape; there is change in pore size'an
,:E:doq =m=m=< to m_<o a mnoqomwoa porosity. In many ooqm::Om there ma

d=U(t~1o) 0.1y

ere U is the growth rate (cm/sec), t is the time, and £, is the induction
riod. This is illustrated in Fig. 10.1 for recrystallization of a sodium
oride crystal which had been deformed at 400°C and then annealed at
70°C. The induction period corresponds to the time nnnEana for a
cleation process, so that the overall rate of recrystallization is “deter-
ned by the product of -a nucleation rate and a growth rate.

he nucleation process is similar tothose discussed'in Chapter 8. For a
cleus to be stable, its size must be larger than some critical diameter at
ich the lowered free energy of the new grain is equal to the increased
rface free .energy. The induction period corresponds to the time
quired for unstable embryos present to grow to the size of a stable
cleus. If an unlimited number of sites is available, the rate of nucleation
reases to some constant rate after an initial induction period. In

.tions, anoonﬁom:_ozm of crystalline ooBvocuam to form new ugmmw
”mmmom. and: a <m:3< of other changes which are D.nn:g:% of mwmm,

major processes taking place. There are. so’ many things iv_nf%
happen, and so many variables that are occasionally important, th:

‘mere cataloging of phenomena can provide a sound basis for rﬁ
“study. In general, we shall be conceérned first with nooJ\mE:_Nm:ocm
grain-growth phenomena, second with the densification of single-

systems, and finally with more complex multiphase processes. There
many important practical applications for each of these cases.
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tystallization of sodium chloride has a knee similar to that observed

iffusion and. conductivity data, as discussed in Chapter 6.
ince both the nucleation rate and the growth rate are strongly
lemperature-dependent, the overall rate of recrystallization changes
1apidly with temperature. For a fixed holding time, experiments at
different temperatures tend to a show either little or nearly complete
Crystallization. Consequently, it is common to plot data as the amount
old work or the final grain size as a function of the recrystallization
emperature. Since the final grain size is limited by impingement of the

deformed at 400°C {stress vl - . s . A .

; ) ains on one another, it is determined by the relative rates of nucleation

\_ _ { 4000 g/mm®) and recrystallized ! d P . s e .
0 5 10 15 20  470°C.From H. G, Muller, Z. Phys., %, an ,.mno;;r. As the :mn:unnma_.o is _.m_mo.a, the final grain size is _mﬁ.mmﬁ
Time {min) 279 (1935). ince the growth rate increases more rapidly than the rate of nucleation.
owever, at higher temperatures recrystallization is completed more
pidly, so that the larger grain size observed in constant-time experi-
nents (Fig. 10.2) may be partly due to the greater time available for grain
wth following recrystallization. The growth rate increases with in-

N

sing amounts of plastic deformation (increased driving_ force),

eas_the fina) grain size decreases with increasing deformation.

—— E R

T N e e

[n-general, it is observed that (1) some minimum deformation  is
quired for recrystallization, (2) with a small degree of deformation a-
gher temperature is required for recrystallization to occur, 3) an
creased annealing time lowers the temperature of recrystallization, and

Grain diameter (mrm)

Fig. 10.1. Recrystallization of Na

practice the number of favorable sites available is limited, and the rate ¢

nucleation passes through a maximum as they are used up. H. G. Miille;

observed that nuclei in sodium chloride tended to form first at grain

corners, for example. As the temperature is increased, the rate ©

nucleation increases exponentially:
N

MHZQSE Al

“where N is the number of nuclei and AGx is the experimental free energ

>mzv
RT

. for nucleation. Consequently, the induction period, ts~ 1/(dN [dt), d 0B
‘creases rapidly as the temperature level is raised. sl ; |
As indicated in Eq. 10.1, the growth rate remains constant ::E th v
grains begin to impinge on one another. The constant in growth rate resul 016} g

from the constant driving force (equal to the difference in energy betwe :
the strained matrix and strainfree crystals). The final grain size |
determined by the number of nuclei formed, that is, the number of gra
present when they finally impinge on one another. The atomistic proces
necessary for grain growth is the jumping of an atom from one side of
- boundary to the other and is similar to a diffusional jump in the boundar
Consequently the temperature dependence is similar to that of ,&mcmmo,

E, .c.omW: —
U= - 10 ,
U=Usexp A zﬂv ( 004 ]
where the activation energy Ey is normally intermediate between that oozt N

o | i | i ! S |
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boundary and lattice diffusion. The growth-rate-temperature curve f

*Z. Phys., 96, 279:(1935). 0.2. Effect of annealing temperature on grain size of CaF, following compression at

psi and 10 hr at temperature. From M. J. Buerger, Am. Mineral,, 32, 296 (1947).
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Fig. 10.3. “(a) Structure of boundary and (b) energy change for atom jump.
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(4) the final grain size depends on the degree of deformation, the init
grain size, and the temperature of recrystallization. In addition, continue
~heat after recrystallization is completed leads to the continuation of gr:
~ growth. \
Primary recrystallization is particularly common in metals whichar
“extensively deformed in normal processing techniques. Ceramic material
.are seldom plastically deformed during processing, so that prima
recrystallization is not commonly observed. For relatively soft materials
-such as sodium chloride or calcium fluoride, deformation and primar
recrystallization do occur. It has also been observed directly in m
nesium oxide; also, the polygonization process described in Chapt
~ (see Fig. 4.24) for aluminum oxide has many points of similarity.
. Grain Grewth. Whether or not primary recrystallization occurs
‘aggregate of fine-grained crystals increases in average grain size w
‘heated at elevated temperatures. As the average grain size increases, i
mocio:m that some grains must shrink and disappear. An equivalent W
. of looking at grain growth is as the rate of disappearance of grains. Th
- the driving force for the process is the difference in energy between:t
fine-grained material and the larger-grain-size product resulting from:t
decrease in grain-boundary area and the total boundary energy. Thi

Free energy

‘the forward direction is given by

eenergy change corresponds to about 0.1 to 0.5 cal/g for the change from: fan= RT exp Al DQﬁv (10.5)
“}-micron to a 1-cm grain size. , Nh RT
As discussed in Chapter 5, an interface energy is associated with nd the frequency of reverse jumps is given by
‘boundary between individual grains. In addition, there is a free-ener : ;
difference across a curved grain boundary which is given by fon = “|M, exp AI DQN% DQV (10.6)

AG = QQAM_;...PV

N o0 that the net growth process, U = .Zm, where A is the distance of each

ump is given by
where AG is the change in free energy on going across the cury
‘interface, vy is the boundary energy, V is the molar volume, and r; an
-are the principal radii of curvature. (This relationship has been deriv
and discussed in Chapter 5. That part of Chapter 5 should be reviewed
“its meaning is not clear.) This difference in the free energy of ‘material
the two sides of a grain boundary is the driving force that makes t
boundary move toward its center of curvature. The rate at whic
boundary moves is proportional to. its curvature and to the rate at whi
atoms can jump. across the boundary. ; ,

Grain growth provides - an opportunity to apply the absolute-reacti
rate theory already:discussed in Chapter 6. If we consider the structur
a boundary (Fig. 10.3), the rate of the overall process is fixed by the rat
which atoms jump across the interface. The change in energy with
atom’s position is shown in Fig. 10.3b, an. the frequency of atomic jum;

2

\Ktv Aﬂ AG

U =Axf = A(fan — foa) H,M’MTS exp AI RT 1—exp Wwﬂv - (10.7),

d - since Hloxvll,ml, where DQHQQAWITWV and AG'=
1 2

_(RT\(y ,ﬁ.\ﬁ ] AS" o (_AH
U= AZ_ VA:TH —+—) |exp S exp A o v - ao0g)
,En& is equivalent in form to Eq. 10.3 given previously. That is, the rate
f growth increases exponentially with temperature. The unit step in-
olved is the jump of an atom across the boundary, so that the activation

| ergy should correspond approximately to the activation energy for
oundary diffusion.
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If all the grain boundaries are equal in energy, they meet to form angles
of 120°. If we consider a two-dimensional example for illustrative
“purposes, angles of 120° between grains with straight sides can occur only
for six-sided grains. Grains with fewer sides have boundaries that ar
sconcave when observed from the center of the grain. Shapes of grainss
“having different numbers of sides are illustrated in Fig. 10.4; a samp
“with uniform grain size is shown in Fig. 10.5. Since grain boundaries
~migrate toward their center of curvature, grains with less than six side
tend to grow smaller, and grains with more than six sides tend to grow

larger. For any one grain, the radius of curvature of a side is direcil
_proportional to the grain diameter, so that the driving force, and therefore

“the rate of grain growth, is inversely proportional to grain size:

5 @% _ W_( .Em. 10.5. Polycrystalline CaF, illustrat-
ng ,=o:.=w_ grain growth. Average angle at
‘and integrating, grain junctures is. 120°.
d—do=(2k)"t"” (10.
“where do is the grain diameter at time zero. Experimentally it is found th : , Ing doﬁ.iooz 0.1 and 0.5. This may occur for several reasons,
~when log d is plotted versus log ¢, a straight line is obtained (Fig. 10.6).. | 8 i tdols nota large amount smaller than d ; another common
; eason is that inclusions or solute segregation or sample size inhibits grain

- Frequently the slope of curves plotted in this way is smaller than one-hal

&. somewhat different approach'is to define a grain-boundary mobility
uch that Em boundary velocity v is proportional to the applied driving "
“Hforce. F, ﬁomcz_zm from boundary curvature: 1)

v=BF (10.11a)
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Fig. 104. Schematic drawing of polycrystalline specimen. The sign of curvature of-
boundaries changes as the number of sides increases from less than six to more than six, an
the radius of curvature is less, the more the number of sides differs from six. Arrows indicg
the directions in -which boundaries migrate. From J. E. Burke.
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Log grain diameter versus log time for grain growth in pure a-brass. From J. E
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o KCI and of ThO; to Y,0s in amounts below the solubility limit have
roved effective as grain-growth inhibitors.

When grains grow to such a size that they are nearly equal to the
pecimen size, grain growth is stopped. In a rod sample, for example,
n. xT /) \Sw hen the grain size is equal to the rod diameter, the grain boundaries tend
; to form flat surfaces normal to the axis so that the driving force for
‘Wwhere D, is the grain-boundary diffusion coefficient, Q is the atomic boundary migration is eliminated and little subsequent grain growth
_volume, § is the boundary area, and w is the boundary width. Since the ;= B “occurs. Similarly, inclusions increase the energy necessary for the -
average boundary velocity is equal to v and the driving force is 5<oaw_ , ovement of a grain boundary and inhibit grain growth. If we consider a
-proportional to grain size, a grain-growth law of the form of Egs. 10.9 af oundary such as the one illustrated in Fig. 10.8, the boundary energy is
10.10 results. However, as discussed in Chapter 5, the actual structure ecreased when it reaches an inclusion proportional to the cross-sectional
‘a ceramic grain boundary is not quite so simple as pictured in der area of the inclusion. The boundary energy must be increased again to
Egs. 10.8 and 10.11b. Even for a completely pure material there: ull it away from the inclusion. Consequently, when a number of
~-space-charge atmosphere of lattice defects associateq with the boun clusions are present on a grain boundary, its normal curvature becomes
~ and usually solute segregation as well, as shown in Figs. 5.11, 5.12 sufficient for continued grain growth after some limiting size is reached.
and 5.18. The effect of this lattice defect and impurity atmosphere i 5 has been found that this size is given by

m:wﬂu_% reduce the grain-boundary velocity at low driving forces,] : ;

shown in Fig. 10.7 and analysed by J. Cahn* and K. Liicke and H a_,Rhm , (10.12)
Stuwe.t The:influence of this atmosphere becomes stronger as the gram: fa ,

: . : where d, is the limiting grain size, d, is the particle size of the inclusion,
“and f,, is the volume fraction of inclusions. Although this relationship is
only approximate, it indicates that the effectiveness of inclusions in-
Ccreases as their particle size is lowered and the volume fraction increases.
For the process illustrated in Fig. 10.8, the boundary approaches, is
tached to, and subsequently breaks away from a second-phase particle.
‘Another dommmcm:ﬂ% is that the grain boundary drags along the particle

For the atomic-jump mechanism illustrated in Fig. 10.3, the bound
‘mobility is given by the atomic mobility divided by the number of at

involved, n,:
B =2 Ab ,v Alblv BRSNS

Velocity (10~5cm/sec)
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Fig. 10.7. - Variation of boundary velocity v with driving force F. at 750°C for'a 2
boundary in NaCl, From R. C. Sun and C. L. Bauer; Acta Met., 18, 639 (1970).

size increases, the solute segregate concentration increases, and
average boundary curvature decreases. Additions of MgO to ALOs, Ca(

Fig. 10. m Ognm_nm configuration of a co::awi while
passing an inclusion.

*Acta Met., 16, 789 (1962).
tActa Met., 19, 1087 (1971).
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inclusion). We can define an inclusion particle mobility
driving force and particle velocity v, = B,F, in the same way as has been
done for the boundary (Eq. 10.11b) and for atomic diffusion in Chapter 6,

: 'When the inclusion is dragged by the boundary, their velocities are

“identical; in the case in which B, <B, we can neglect the
boundary mobility, and the resulting grain-boundary veloc

- number of inclusions per grain boundary, p:

_B,F,
P -

Uy

The inclusion particle moves along with the boundary,

Thus, second-phase inclusions can m::m:: move along with boun
daries, offering little impedance; (2) move along with boundaries, with thy
inclusion’ mobility controlling the boundary velocity; or (3) be so im;
mobile that the boundary pulls away from the inclusion, depend
relative values of the boundary driving force (inversely proportional to
grain size), the boundary mobility (Fig. 10.7), and the inclusion part
‘mobility, which, depending on the ‘assumed mechanism and particle
shape, may be proportional to r,, 1,7, or 1, .* As grain growth proceeds;
the driving force diminishes, and any inchisions dragged along by the:
boundary increase in size so that their mobility decreases. As a result,
exact way in which second-phase inclusions inhibit grain.growth not on!
depends on the properties of the particular system but also can easi
change during the grain-growth process, Sorting out these effects require

-a careful evaluation. of the microstructure evolution in combination wit
the kinetics of grain growth and a detailed knowledge of system proper
ties. Inhibition of grain growth by solid second-phase inclusions has bee
observed for MgO additions to AlOs, for CaO additions to ThO,, and
other systems,

A second phase that is always present during ceramic sintering and
almost all ceramic products prepared by sintering is residual porosi

(b)

mmm. 10.9. - (a) Pore. shape distorted. from spherical by moving boundary and (b) pore
agglomeration during grain growth.

emaining from the interparticle space present in the .mimw_ voiﬂnn ,
ompact. This porosity is' apparent both on Ew grain boundaries.
intergranular) and within the grains (intragranular) in the m::mq@a CaF,
ample shown in Fig. 10.5. It is present almost n:n:w._v\ m:. the grain corners
intergranular) in the sintered UQ, samples shown in Fig. 10:10. As i.:r
articulate inclusions, pores on'the grain boundaries may be left behind
w the moving boundary or migrate with the boundary, Em&:m_; ag-
lomerating .at grain corners, as illustrated in Figs. 10.9 and 10.10. r.g wro
arly stages of sintering, when the boundary curvature and a.:w QES:,m
orce for boundary migration are high, pores are often left behind, and a
Juster of small pores in the center of a grain is a commonly n_umn.?n.a
esult (see Fig. 10.5). In the later stages of sintering, when the grain size is
arger and the driving force for boundary migration is lower, _.ﬂ is ,Bo«m
sual for pores to be dragged along by the boundary, slowing grain

*P. G. Shewmon, Trans. A.IM.E., 230, 1134 (1964); M. F. Ashby and R. M. A. Centame
, owth. ; )

Acta Met., 16, 1081 (1968).:
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g which frequently cccurs with purer materials.

Secondary Recrystallization. The process of secondary recrystalliza-
tion, sometimes called discontinuous or exaggerated grain growth, occurs.
when some small fraction of the grains grow to alarge size, consuming the
uniform-grain-size matrix. Once a single grain grows to such a size that it
has many more sides than the neighboring grains (such as the grain with
fifty sides illustrated in Fig. 10.4), the curvature of each side increases,
and it grows more rapidly than the smaller grains with fewer sides. The
ncreased curvature on the edge of a large grain is particularly evident in
Fig. 10.11, which shows a large alumina crystal growing at the expense of
a uniform-particle-size matrix.

Secondary crystallization is. particularly likely to occur when continu-
us grain growth is inhibited by the presence of impurities or pores.
Under these conditions.the only boundaries able to move are those with a
urvature much larger than the average; that is, the exaggerated grains
with highly curved boundaries are able to grow, whereas the matrix
material remains uniform in grain size. The rate of growth of the large
grains is initially dependent on the number of sides.  However, after
owth has reached the point at which the exaggerated grain diameter is
nuch larger than the matrix diameter, d, > d,., the curvature is deter-
mined by the matrix grain size and is proportional to 1/d,.. That is, there is
‘induction period corresponding to the:increased growth rate and the
formation of a grain large enough to grow at the expense of the constant-
ain-size matrix. Therefore, the growth rate is constant as long as the
rain size of the matrix remains unchanged. Consequently, the kinetics of
econdary recrystallization is similar to that of primary recrystallization,
ven though the nature of the nucleation and driving force is different.
Secondary recrystallization is common for oxide, titanate, and ferrite
ceramics in which grain growth is frequently inhibited by minor amounts
of second phases or by porosity during the sintering process.. A typical
Tesultant structure is illustrated for barium titanate in Fig. 10.12, and the

,,Ew. 10.10. * Grain growth and pore growth in sample of CO~ after (a) 2 min, 91.5% dens
and (b) 5hr; 91.9% dense, at 1600°C (460x). From Francois and Kingery.

Another factor that may restrain grain growth is the presence of a liqu
phase. If a small amount of a boundary liquid is formed, it tends to sloy
grain growth, since the driving force is reduced and the diffusion path:i
increased. There are now two moza-:az_.awmnﬁnmmoom, and the driving for
is the difference between them, thatis, (1/r, + 1/r))a — (1/rs + 1/r,)s, whi




Fig. 10.11." Growth of a large ALO, crystal into a Emm:w of uniformly sized grains (495}
Compare with Fig. 10.4. Courtesy R. L. Coble. :

Fig. 10.12. “Large grains of barjum titanate growing by secondary recrystallization fro
fine-grained ‘matrix: (250x). Courtesy R. C. DeVries.
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21+ a final grain size of only about 25 microns. This result of a much Jarge
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not independent of crystal directions, and the growth planes are those of
low surface energy. These structures all seem to occur in systems having

S_:.Nw:oz_.w_.::w:mﬂmam: w_.m._c._u.
When polycrystalline bodies are made from fine powder, the extent of: .2, small concentration of impurity which gives rise to a small amount of a

- secondary recrystallization depends on the particle size of the start boundary phase. The driving force for secondary recrystallization is the

.- material, Coarse starting material gives a much smaller relative grai wer surface energy of the large grain compared with the high-surface-
ergy faces or small radius of curvature of adjacent grains. Transfer of -

rate of nucleation and the rate of growth. There are almost always presen aterial under these conditions can only occur when there is an inter-

in the fine-grained matrix a few particles of substantially larger part mediate boundary phase separating the surfaces of the small and large
grains. The amount of second phase present tends to increase at the

oundaries of the large crystals compared with that at other boundaries in
he system, and a large grain continues to grow once it is initiated. If the
grains being present which are much larger in particle size than th mount of boundary phase is increased, however, normai grain growth
_average are much decreased, and consequently the nucleation of seco nd this kind of secondary. recrystallization are both inhibited, as discus-
1 ed previously.
to1/ d.., is also smaller. In the data shown in Fig. 10. Tr ‘material hay - Secondary recrystallization affects both ‘the sintering of ceramics and
: esultant properties. Excessive grain growth is frequently harmful to-
echanical properties (see Sections 5.5 and 15.5). For some electrical and
agnetic properties either a large or a small grain size may contribute to
improved properties, Occasionally grain growth has been discussed in the
iterature as if it were an integral part of the densification process. That
this is not true can best be seen from Fig. 10.16. A sample of aluminum
xide with an initial fine pore distribution was heated to a high tempera-

progressive growth of aluminum oxide crystals during secondary receys

Secondary recrystallization has been observed to occur with

&o:zaw:@w,& the large grains apparently perfectly straight (Fig.

Fig. 10.14. Relative grain growth d

secondary recrystallization of . L . . ; .
1 | [ | i heated 24 hr at 2000°C. From P. Duy (a) Idiomorphic grains in a no_wnimn,&_io spinel. The large grain edges appear

1 3 6 10 30 60 100 F.Odell, andJ. L. Taylor, J.-Am. CéF . S , ight, whereas the shape of the small grains is controlled by surface tension (350x).
Initial particle size-(microns) Soc., 32, 1 (1949); .~ & rtesy R. L. Coble.




GRAIN GROWTH, SINTERING, AND VITRIFICATION

- Fig. 10.15. (Continued). (b) Idiomorphic wﬁ:.:m of a-6H SiC in a'8-SiC matrix {1000

{c) Detail of boundary (75,000x). Courtesy

compact. Elimination of porosity is a related but separate subject and
considered in following sections. An application in which seconda
recrystallization has been useful is in the development of preferr
orientation on firing of the magnetically-hard ferrite, BaFe,0,,.* For

magnetic material it is desirable to obtain a high density as well as a high
egree of preferred orientation in the sintered product; Particles of the
powdered material can be oriented to a considerable extent by subjecting
hem to a high magnetic field while forming. On sintering there was a 57%
ignment after -heating at 1250°C. On further heating ‘at 1340°C the

Oy

*A. L. Stuijts, Trans. Brit. Ceram. Soc., 55, 57 (1956).
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2- Solid-State Sintering

Changes that occur during the firing process are related to (1) changes
grain size and shape, (2) changes in pore shape, and (3) changes in pore
_ size. In Section 10.1 we concentrated on changes in grain size; in this and
e following section we are mainly concerned with changes in porosity,
that is, the changes taking place during the transformation of an oammzm:%m
rous compact to a strong, dense ceramic. As formed, a powder:
ompact, before it has been fired, is composed of individual grains
eparated by between 25 and 60 vol% porosity, depending on the’
articular material used and the processing method. For maximizing.
operties such as strength, translucency, and thermal conductivity, it is.
sirable to eliminate as much of this porosity as possible. For some other
applications it may be desirable to Increase this strength without decreas-
ing the gas permeability. These results are obtained during firing by the
ransfer of material from one part of the structure to the other. The kind
of changes that may occur are illustrated in Fig. 10.17. The pores initially -
resent can change shape, becoming channels or isolated spheres, without
iecessarily changing in size. More commonly, however, both the size and .
hape of the pores present change during the firing process, the pores
coming more spherical in shape and smaller in size as firing continues.
uu-.??@ Force for Densification. The free-energy change that gives rise
o'densification is the decrease in surface area and lowering of the surface
tee energy by the elimination of solid-vapor interfaces, This usually -
‘takes place with the coincidental formation of new but lower-energy

Changes in
—
pore shape

- Change in shape -
i ———
Lo { and shrinkage

* preferred orientation increased to 93% alignment, corresponding ‘to the
- structural change brought about by secondary recrystallization. It seem
. apparent that the few. large -grains in-the starting material are mor
uniformly aligned than ‘the fine mcﬂo:z&:m material. H:omm,anmnm serve

mmncn_mmmgﬂrmmmoozam@ qnonEENm:o:Eoommmmza, give rise to
highly oriented final product. ,

| Al
I Ly }

Fig. 10.17. Changes in pore shape do not necessarily require shrinkage.




'+ itendency for material transfer because of the differences in surfa
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solid-solid interfaces. The net decrease in free enmergy occurring o .
-sintering a 1-micron particle size material corresponds to an- energ Rwaﬂm_

nster

.xdecrease of about 1 cal/g. On a microscopic scale, material transfer i N S
- affected by the pressure difference and changes in free energy across’ :
wo:?aa surface. These changes are due to the surface energy and hav
Fno: discussed in Chapter 5 and referred to in Section 10.1. If the particl
~-.ssize, and consequently the radius of curvature, is small, these effects ma
© .’be of a substantial magnitude. As indicated in Chapter 5, they becom
‘large when the radius of curvature is less than a few microns. This is oni
of the major reasons why much ceramic technology is based on an
depends on the use of fine-particle materials. o
Most of the insight into the effect of different variables on the sinterir
process has come from considering simple systems and comparin
‘experimental data with simple models. Since our major aim is to be sut
- _Mio‘ understand the importance of different variables in traditional or ney
w “systems, we use-this: method here. Since the driving force is the sam
(surface energy) in all systems, considerable differences in behavior

10.18.  Initial stages of sintering by evaporization-condensation.

.~ various types of 'systems must be related to different mechanisms ” S
o . . . . ) nPi= M (1 1
<+ material transfer. Several can be imagined—evaporation and condensa n pe  dRT M+w. (10.19)

:tion, viscous flow, surface diffusion, grain-boundary or lattice diffusion
, s “and plastic deformation are among those that occur to us. Of these
V _diffusion and viscous flow are important in the largest number of systems
‘ evaporation-condensation is perhaps the easiest to. visualize.

Evaporation-Condensation. During the sintering process ‘there is

where p, is the vapor pressure over the small radius of curvature, M is the
:oﬁooﬁmn weight of the vapor, and d is the density. In this nmmo.zﬁ neck:
.&,cm _m.E.:or._mnmmn than the radius of curvature at the surface, p, and the

sure difference po— p, is small. ,O_o:moncmzn% to:a‘good m.nmnox::my
0] %?\? ‘equals Ap /p,, and we can write < ,

~curvature and consequently the differences in vapor pressure at various
.. parts of the system. Material transfer brought about in this way is o
... /importantin a few systems; however, it is:the simplest sintering process
~ treat quantitatively. We derive the sintering rate in some detail, since
provides a sound basis for understanding more complex processes.
Let us consider the initial stages of .the process when the powd
ompact is just beginning to sinter and concentraté on the.interactio
between two adjacent particles (Fig. 10.18). At the surface of the parti
there is a positive radius: of curvature so that the vapor pressure’
‘somewhat larger than would be observed for a flat surface. However, jt
at the junction between particles there is a neck with .a small negat
radius of curvature and a:vapor pressure an order of magnitude low:
‘than that for theparticle itself. The vapor-pressure difference:between the
neck areaand the particle surface tends:to transfer material into-the ne¢
‘area. . o
We can calculate the rate at which the bonding area between parti
increases by equating the rate of material transfer to the surface o

YMp,

A=k (1045)

! ,M.:m% flat E:.mn_.o .m.m_..mmnom.,ﬂrn rate of condensation is proportional :
;_v difference in omErUDE: and atmospheric vapor pressure and: is
3\“ the Langmuir equation to a good approximation as

: : a2 . -
m=a EAN&%HV, . glem?/sec (10.16) -

is an mnnwEanmao:,nomB&ma which is nearly unity. Then the
condensation should be equal to the volume increase. That is

omithe mooEmﬂ.Q.o.m Sn two spheres in contact, the radius of curvature
e.contact points is approximately equal to x2/2r for x/r less than 0.3:
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- ) u |
w&% .oﬂﬂ._mﬁwa.ao—orwnmom in structure that take place during a process
1 18, it. is clear that the distance bet ical
icles (P 10.19) 1 aownt ween centers of spherical
rti . 10. ected by the transfer of i
icle surface to the inter i i e that the ot
Tt particle neck. This
i ot o . . ‘means that the total
] particles, or of a compact of i i A ,
i . » ¢ of particles, is unaff u
ww :MMMH %%wmomﬂama:m_ transfer and that only the shape of UOnnnoMoh
. This changing shape of pores can have : i
: an
Svan_om. but does not affect density. . epprecisble effect o
T.omwudnomu& <mwmw_u_nm E addition to time that affect ‘the rate .OH |
,voncw%wmmwn_ww Nw.uwnocws wEm process are the initial particle radius (rate
ropo and the vapor pressure (rat i "),
dince;the vapor pressure increa ally D fomoocateae
ce. | ses .exponentially with t :
ocess of vapor-phase sintering i Py
roc . g 1s strongly temperature-d ;
Tom a processing point of view, th i o
: , the two main: variabl ich:
ol can be exercised for any gi jal’ e en.
0 y given material are the initi i ize
e tomperens tont e 1nitial particle size
hich fixes. the vapor pressure). O i
nerally not easy to 833_, oty qoiables are,
B g , ? no ‘.
B i ey r are they strongly dependent on
ma wmwwmwwﬁcmrwnﬁmmw noﬂnmvonamnm to vapor-phase-material trans-
, est illustrated in Fig. 10.20, which
. - 10.20, shows . the shape
“MMM awmﬁooo:n on rowcbm arow of initially spherical sodium oEoEMn
ticles. After long heating the ,.::nnmmoo contact area has increased; the

. the area of the surface of the lens between spheres is approximately mn_:u,
" to w2x*|r; the volume contained in the lenticular area is approximately

mx*/2r. That is,

Substituting <&=8ﬂo~ m in Mn 10.16, A and v in Eq. 10.18 into Eq. 10.1
and integrating, we obtain a relationship for the rate of growth of the bond

.area between particles: ;

372 13 B
3VmyM " po) " s (10.1
/\MW 3/2 u..un&n ,

_This equation gives the relationship between th
area between particles and the variables influencing its rate of growt

The important factor from the point of view of strength and othe
properties is the bond area in relation to the individual partic

X
r

e &wangw of the cont

‘material
size, which gives the fraction of the projected particle area which
bonded together—the ‘main factor in fixing strength, conductivity, and
related properties. As seen from Eq. 10.19, the rate at which the area
~between particles forms varies as the two-thirds power of time. Plotted on
' a linear scale, this decreasing rate curve has led to characterizations 0}
end point conditions corresponding to a certain sintering time. Thi;
concept of an end point is useful, since periods of time for sintering

_ not widely changed; however, the same rate Jaw is observed for the entit
~ process (Fig. 10.19b). , ‘ ; ,.

STt

‘ { i P { |
% 10 20 3 001
Time (min) : : Time (min)
(@ (5
Fig. 10.19. (a) Linear and (b) log-log plots of neck growth between spherical
sodium chloride at 725°C.

hotomicrographsof sintering mo&nE;nEona@,_ﬁwguoon‘n ?: BE ,@,vvo mitt.
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particle diameter has been substantially decreased, but the distance!
* between particle centers, that is, the shrinkage, has not been affected.

as sodium chloride and is Important for the changes in configuration
. observed in snow and ice technology. :
Solid-State Processes. The difference in free energy or chemical poten:
‘tial between the neck area and the surface of the particle provides v
driving force which causes the transfer of material by the fastest means

. readily by solid-state processes, several of which can be imagined. A

- shown in Fig. 10,21 and Table 10.1, in addition to vapor transport (process
. 3), matter can move from the particle surface, from the particle bulk,0
from the grain boundary between particles by surface, lattice, or grain

boundary diffusion. Which one or more of these: processes actuall
contributes significantly to the sintering process in a particular syste

10.21.  Alternate paths. for matter trags
rtesy M. A. Ashby, (See Table 10.1.)

- Table 10.1. . Alternate Paths for Matter Transport During the Initial Stages

Sintering* ; | . , L .
, nsfer of matter from the particle volume or from the grain boundary -
" Mechanism u , “ , , vetween particles causes shrinkage and pore elimination, .
" Number Transport Path Source of Matter Sink of Matter et-us.consider mechanism 5, matter transport from the grain boundary
“ 0:the neck by lattice diffusion. Calculation of the kinetics of this process
1 Surface diffusion Surface & Neck Xactly analogous to. determination. of the rate of sintering by a
2 Lattice diffusion Surface 7 . Neck Yapor-phase process. The rate at which material is discharged at the
3 Vapor :E..muod , .m_:?n@ - Neck rface area is equated to the increase in volume of material transferred.
4 Boundary diffusion Grain boundary  Neck € geometry ‘is slightly different: ,
5 Lattice diffusion Grain boundary o Neck ; ,
6 Lattice diffusion Dislocations ' Neck o _x* _mix’ ,_ax’
: P=g =5 V= i (10.20)

“See Fig. 10.21.
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port. during the initial stages of m..aﬂ.m:mm

uprocess can be visualized most- easily by considering the rate of




maqa INTRODUCTION TO CERAMICS QE—Z.. GROWTH, m—ZHmEZQ. AND VITRIFICATION ,Aqq

. migration of vacancies. In the same way that there are differences in MO T T T T T T T T

< svapor pressure between the surface of high negative curvature and the 0.09+— ‘ « —
- nearly flat surfaces, there is a difference in vacancy concentration. If ¢ i 0.08 {— NaF, 726°C -
~“ the concentration of vacancies and Ac is the excess concentration ove 0,071 —

the concentration on a plane surface c,, then, equivalent to Eq. 10.15 006 ALD,, 1300°C

3
=24 Co AL 405 _
Ac =1 L,

! 0.04 _
vhere a4 is the atomic volume of the diffusing vacancy and k is th 0.03 |
oltzmann constant. The flux of vacancies diffusing away from the nec ;

i . . . . . 0.02/] .

area per second per centimeter of circumferential length under th .

‘concentration gradient can be determined graphically and is given by - on _ | , —

| , : ol A N S R

J =4Dy Ac 0 100 200 300 400 500 600 700
K e s . . ; : : Time (min)
Where Dy is the diffusion coefficient for vacancies, Dy equals D*/a’c, : (a)
* is the self-diffusion coefficient. Combining Eqgs. 10.22 and 10.21 with: 0.2, I _
he continuity equation similar to Eq. 10.17, we obtain the result

q 01 ]

X _ AAO.S%U *v s w.|uan_.a ;
r kT 005 NaF, 726 ]

ith &n.cm_oP in addition to the increase in contact area betwee; AL,0,, 1300°C

articles, there is an. approach of particles centers. The rate of m: ]
3 2 B S
. E.umv,mnr s m@h I\NJ\& Substituting from Eq. 10. Nuvimwczw_u ool
AV_3AL_, AN?ES*V& s ‘, i
Vo Lo V2kT 0.005 | ]
. These results indicate that the growth of bond formation betwe
particles increases as a one-fifth-power of time (a result which has be 0.002 | |
1 10 . - 100: 1000 -

experimentally observed for.a number of metal and ceramic systems) : .

that the shrinkage of a compact densified by this process should q.awvwa_a

proportional to the two-fifths power of time. The decrease in densificati H 2. (a) Linear and (b) log-log plots of shrinkage of sodium ==o:% ond m_E:SE:

rate with time gives rise to an apparent end-point density if experiments : ompacts. From J. E. Burke and R. L. Coble.

are carried out. for similar time periods. However, when plotted on

log-log basis, the change in properties is seen to occur as expected from

Eq. 10.24. Experimental data for sodium fluoride and aluminum oxide an

shown in Fig. 10.22.
The relationships derived in ‘Egs. 5 23 mna 10.24 and m_B__mnn&mco.

ships for the alternate matter transport processes, which we shall

derive, are important mainly for the insight that they provide on th

variables which must be controlled in order to obtain reproduci

processing and densification. It is seen that the sintering rate stea

decreases with time, so that merely sintering for longer periods to obta

roved properties is impracticable. Therefore, time is not a major or
‘al variable for process control.

ntrol of particle size is very important, since the sintering rate is
ghly proportional to the inverse of the particle size. The interface
diameter achieved after sintering for a period of 100 hr at 1600°C is
trated in Fig. 10.23 as a function of particle size. For large particles
en these long periods do not cause extensive sintering; as the E:.:Qn
e:ds decreased, the rate of sintering is raised.
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Eﬁm@ or volume diffusion coefficients enhance the rate of solid-state
,wmns.,m. As discussed in Chapter 6, both boundary and volume diffusion
mam_o_:m are strongly temperature-dependent, which means that the
tering rate is strongly dependent on the temperature level. :
Tn order to effectively control sintering processes which take place by _ﬁ
.R._-m»mﬁo processes, it is essential to maintain close control of the initial -
article size and particle-size distribution of the material, the &uﬁlmmﬂ
mperature, the composition and frequently the sintering atmosphere.

s an mxmam_o of the influence of solutes, Fig. 10.24 illustrates the
ect &.cﬂmzmm additions on the sintering rate of a relatively pure alumina.
‘region of volume diffusion. (Both volume and boundary diffusion’
ocesses are enhanced.) It is believed that Ti enters ALQO, substitution-
as Ti"* and Ti"* (Tia and Tia). At equilibrium . i

05 T

031 e |

~R
]
.

02— |

0 _ | ! ,
0 0.05 0.10 0.15 0.20 0.25

_3 . 3
r 4 (micron \J

w.H~>_+NHONA%va‘H~»_+ M_.TWOo : i QONMV

Fig. 10.23. Effect of particle size on the contact area growth in ALO; heated 100hr at , E...mw;uﬁ m ] 3
K, = AU : :
! ,,mﬂuzuwmﬁobu. SRR Lo ,,QO.N@‘

600°C. From R. L. Coble.

. The other variable appearing in Egs. 10.22 and 10.24 that is subject
" ‘analysis and some control is the diffusion coefficient; it is affected b
omposition .and by temperature; the relative effectiveness of surface
-, ‘boundaries, and volume as diffusion paths is affected by the microstru
~ture. A number of relationships similar to Egs. 10.23 and 10.24 have bee
‘derived, and it has been shown that surface diffusion is most importan

- during early stages of ‘sintering (these affect the neck diameter betwee

_ particles but not the shrinkage or porosity); grain-boundary diffusion and

- volume diffusion ‘subsequently become more important. In ioni

" ceramics, as discussed in Chapter 9, both the anion and the: cation
" diffusion coefficients must be considered. In: ALO;, the best studied
material, oxygen diffuses rapidly along the grain boundaries, and the morg

- slowly moving aluminum ion at the boundary or in the bulk controls the
_overall sintering rate. As discussed in Chapter 5, the grain-boundar,
@ww::oaao' composition, and electrostatic charge are influenced strongly
by temperature and by impurity solutes; as discussed in Chapter 6, the
exact mechanism of grain-boundary diffusion remains controversi
Estimates of the grain-boundary-diffusion width from sintering data ran,
from 50 to 600 A. These complications require us to be careful not.
overanalyze data in terms of specific b:Eolom:om::m, since the time

- temperature dependence of sintering may be in-accordance with mmﬁﬂ.mu
plausible models. In general the presence of -solutes which enhance eith

ﬂ_m 10.24. Data for the relative sintering process
diffusion coefficient with Ti additions to ALO,.
DafTi), From R. D. Bagley, 1.-B. Cutler, and D. L.

1.0, Johnson, J. Am. Ceram. Soc., 53, 136 (1970); R. I.
log atom % Ty Brook, J. Am. Ceram. Soc., 55, 114 (1972). '
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- In the powders used, divalent impurities such as magnesium exceed in een n_n1<.om fr om specific micros
- concentrations the intrinsic defect levels, so that overall charge neutrality % 1§ processes listed In Table 10.1. In the
- at moderate titania levels is achieved by . imechanisms are important: bounda

[Tia] = [Mgl]

‘and at constant impurity and oxygen pressure levels, combining Egs.
10.26 and 10.27 gives

. ‘ (10.29)
[VAl = K. [Tia]’

Since the total Ti addition (Tia + Tis) is much greater than the impurity:
levels, [Tilrow =~ [Tia] and [V31] = K,[Tifew. The dependence .of lattice
efect concentrations on titania concentration is shown in Fig.:10.25 for
he proposed model. As discussed in Chapter 6, the diffusion coefficient i
proportional to the vacancy concentration; as a result the effect of thi
model is to anticipate an increase in the sintering rate proportional to th )
third power of titania concentration as experimentally observed (Fig.
10.24). At higher concentrations the dependence on titania concentratio
should become less steep, which is suggested by the sintering data.

~ Thus far our discussion of the variables influencing the sinterin
process has been based on the initial stages of the process, in whic
models are based on solid particles incontact, As the process continues

e -

an intermediate microstructure forms in which the pores and solid ar

both-continuous, followed by a later stage in which isolated pores ar

efficient, Ac is the €xcess vacancy
7 is the pore radius, and R is the effective-
The importance of microstructure in applying this
fic systems is illustrated in F ig. 10.26. For a sample.

oncentration (Eq. 10.20),

1aterial-source radius.
ort of analysis to speci

A
N\

7N W N
NN/

separated from_one another. A number of analytical ‘expressions h

s (a) i
- 10.26.. The mean diffusion di
re of the same size of pores in

(b)

stance for .material transport:is smaller when there are

a boundary.,

:w.w _mnmm.a Eca.n of pores, all the same size, on a boundary the mean :
} :.m_Q.w &.m ance 1s smaller when there .are more pores, and pore -
gzzwm.o: accomplished more quickly for the sample with the E.,mr,mw:

orosity. THus, although the terms which influence ﬁmmwmmmwoﬁ.mmaozbm.l “

! erefore temperature and

what actually occurs.

ferel . it is usual to observe an

1Z¢ and pore.size during the ear ges

atment, mm,:_:mﬁmﬂloﬂmm\ﬁﬂ_\om_ox m_cqmnmﬂ%p%ﬂ%mwmmwwmww»x@

x_.m»%\?oa the presence of agglomerates of the fine particles  which

leaving interagglomerate pores, and is @E\:w\,mm:m to the
25. during which pores are agglomerated by moving with

> as-illustrated in Fig. 10.9. In cases in which mmEoEmnm.mo:

log concentration of titanium

Fig. 10.25. Model for 90 dependence; of defect concentrations on the Ti concentratio

;>-Ou.‘m35 R. J. Brook, J. Am. Ceram. Soc., 55, 114 (1972). mwnw o,cba,mHBm

s




Fig. 10.27. Progressive development of. microstructure in Lucalox alumina. Scanning 18,1027 (Continued). (c) Scanning electron micrographs after 24 min at 1700°C (5000x),
electron micrographs of (a) initial particles in the compact (5000x), (b) after 1 min at 1700°C: (d) m?.nn 6 min at 1700°C (5000x)..Note that pores and grains increase insize, that there are
(5000x). : : s in packing and in pore size,and that pores remainlocatedbetween dense grains.

482 .a,mu
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.= Fig. 10.27 (Continued), QV The final microstructure is nearly ﬁQd?aP ,EE_ only afew uom

‘Jocated within grains (500x). Courtesy C. Greskovich and K. W. Lay. 0.28.  Pore-concentration variations resulting:from (a) a variation’in grain sizes @v,,‘

nnacn,Aav_aam—wvsnﬁcwwuameoEnamzona.ﬁanounnu .
,., , vM:an_.u.u_,. ,
tion near surfaces.. A v. © rapid vcnn

E.Hmma by die-wall friction during pressing, and from the more rapid:
,m:on.OH porosity near surfaces caused by temperature mam&.mam”
1g heating, as shown in Fig. 10.28. The importance of local variations’
ma.nonooaﬁmon results from the fact that the part of the sample.
aining pores tends to shrink but is restrained by other porefree parts.:
s, the wmoomg diffusion distance is no longer from the voﬁ,ﬁo an
acent grain boundary but a pore-pore or pore-surface distance many
ers of :._mmnzcam larger. An example of residual pore clusters in a

red oxide is shown in Fig. 10.29. , :

t only the kinetics of pore elimination can lead to “stable” and

1al porosity, but it is also possible in some cases to have a

Laawamawnmm,u\ metastable equilibrium pore configuration. In Fig.

of fine precipitated particles into clumps is severe, ball milling to break
the agglomerates leads to a remarkable increase in the sintering rate. Evi
minor variations in the original particle packing are exaggerated d .
the pore growth process; in addition, spaces between agglomerates
“occasional larger voids resulting from the bridging of particles or agglo:
erates are present. As a result, during intermediate stages ‘of the sinte
process there is a range of pore sizes present, and the slower eliminati
of the larger pores leads to variations in pore concentration in the lat
stages of the sintering process, as illustrated in Fig. 10.28c.
In addition to local agglomerates and packing differences, p
concentration variations in the later stages of sintering can result §
particle-size variations in the starting material, from green deunsity v

¢
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value is 130°, for UO, + 30 P . .
. ’ pm C the val o
arbide the value is about 60°, alue 1s 88° and for impure boron

m_o~5nm08m$1m~m50. conse
. u
nspherical pores have to be considered. ; auences of

- Fig. 10.29. "Residual .ucnm‘ clusters resuiting from ,_Bnnoum_‘ mcimnm b»on«mwmlm in a samy
. “of 90-mole % Y,0,-10:mole % ThO.. Transmitted light, 137x. Courtesy C. Greskovich
K. N. Woods. LRI ‘ . : : : :

:10.26 we have drawn spherical pores located on a grain boundary,
usual model description, but we know from our discussion of interf:
- energies in Chapter S that there is a dihedral angle ¢ at the pore-bound:
intersection determined by the relative interface energies;

b _ Yo

cos = 2y, | (1

In most cases the dihedral angle for pure ‘'oxides is about 150°, and
spherical pore approximation is quite good; but for ALO, +0.1% MgO1

* _ L | “ H
20° 40° 60° 80° 100° 120° L _ I.I_
140° 3 o
Dihedrai angle ¢ 160 : 180

(a)

(r/p) with dihedral anglefor
n individual curves

:30.  (a)Changein the ratio

ers of grains as indicated o pores surrounded by different
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(b)
Fig. 10.30 (Continued). (b) Conditions for pore ‘stability.

‘ . This
‘m shrinkage; when rlp is :ommcﬁw, the pore tends to m»—.,rm”“ s
;.um“m:mﬁoa in m_m 10.30b. For a uniform grain size :Mw wﬂﬂomﬂ mbbwoﬁﬁwm
ding grains. Fro

, aidecahedron with 14 surroun : ima
womﬂﬂwmr% between the number of surrounding mnwzﬂ.w MM.MMWMHWS
. an derive a‘relatio

«di r to grain-diameter ratio we € )
QMMNMMM as wmmhno:on of dihedral angle and the ratio of noﬂm m__mmw M MMR
.,.MmNm as wroib in Fig. 10.31. From this figure we can wom why larg :
,Uﬂmm,na in poorly compacted powder such-as:shown mn Fig.
_RBE: mSEn but grow. It is also seen that an enorm

32. Large voids formed by bridging of agglomerates’in: fine ALO, powder viewed’
canning electron ::Qdmnova at Noccx Oo::amu. C. Greskovich.

ize and pore size is not necessary for pore stability. That is, the mxom
ize of the porosity relative to the grain-boundary network not only:

ﬁmﬁonoonmwﬁ%&mﬁgom mOa ﬁEm:m_o:¢:§~mo§nan<5mmo~oo mQa the
ess,

-interaction OH m_,En boundaries and porosity is, of ooﬁmm, .
way street. When many pores, are present during the initial stages of
itering, grain growth is inhibited. However, as discussed in. Section 10.1,
once the porosity has decreased to a value such that secondary grain -
growth can occur, extensive grain growth may result at high sintering =
emperatures. When grain growth occurs, many pores become isolated:-

m grain boundaries, and the diffusion distance between pores and a

oundary becomes large, and'the rate of sintering decreases. This is

ustrated in Fig. 10.16b, in which ‘extensive secondary HoonE:_chon
B ; 188 occurred

, with the isolation of pores in the interior of grains and.a
ction in:the densification rate. Simijlarly, the sample of aluminum
&c %woén in Fig. 10.33 has been sintered at a high temperature at which

inuous grain growth occurred. Porosity is only removed near the
oundaries, which act as the vacancy sink. The importance of

120

0  {pore stabiiiiy}'_

L=
P .
i

U0y (Fig. 1010)

Pores
40— grow

Dihedral angle for

| ” I o
0 05 10 - 15 - 20 R
© . Ratio of pore diameter to grain diameter

Fig. 10.3L Conditions for pore stability.
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ig. 10.33. Sintered ALO; illustrating elimination of porosity adjacent to grain boundarié
ith residual porosity remaining at grain centers. Courtesy J. E. Burke. :

controlling grain growth as an integral part of controlling sinterin:
henomena cannot be overestimated. Consequently, the grain-growt
processes discussed in Section 10.1 must be actively prevented in order to.
btain complete densification. Usually densification’continues by a diffi
ion process until about 10% porosity is reached; at this point rapid grai
‘growth occurs by secondary recrystallization, and :the rate of densifica:

. . Py ‘e

on is sharply reduced. In order to obtain densification much beyond thi
level, prevention of secondary recrystallization is essential. The ‘mos
satisfactory ‘way of doing this is with-additives which prevent or slo
own boundary migration to a point at which it is possible to obtain pof;
__elimination. Additions of MgO to ALO;, ThO. to Y.O;, and CaO to Th
. among others, have been found to slow boundary migration ‘and all St P
- ‘complete pore elimination by solid-state sintering in these systems. Th Poli section of \Y,0, + 10 mole % Tho,

_porefree microstructure of a polycrystalline ceramic having opti :
_transparancy suitable for use as a laser material is shown in Fig. 10.34

sintered to’poréfree state.’

100x.

i ! : : ’
mcmmwoao_.%mldm the amount ‘and viscosity of the liquid br,Nmm must b
that amnzmmm&on occurs in a reasonable time without the imwM
“mwmmﬁ %Mmuwﬁwumﬁ MMMQ Em Mmg of gravity. The relative and absolute
) e P sses:(shrinkage mn.a. ammog.ym:.o& determine toa
: eémperature and compositions suitable for satisfactory

10.3  Vitrification

To vitrify is to make glasslike and the vitrification process:
densification with the aid of a viscous liquid phase—is 'the major:
process for the great majority of silicate systems. (In some curre
glossaries vitrification is defined as being identical to densification ‘o
firing, but the more specific usage is preferred.) A viscous liquid silicate
formed at the firing temperature and serves as a bond for the body.

rocess Kinetics,

If we consider two parti initially i o
“there is a n particles initially in contact (Fig.

egative pressure at the small negative radius of

”AE

{
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particles. HEm‘ causes
an analysis similar to that.
1 neck growth is given

ion of a hydrostatic pressure of +2vy/r to the compact. The real problem -
s to deduce the properties of the porous material from the porosity and
viscosity of the dense material. The method of approximation used gives.
an equation of the form :

- curvature p compared with the surface of the
" viscous flow of material into the pore region. By
derived for the diffusion process, the rate of initial

. as*
M.” A MJ\ v_\NH_\N
r \2np
2. the increase in

__The increase in contact diameter is proportional to t™;
" area between particles is directly proportional to time. Factors of most
" importance in determining the rate of this process are the surface tensio
viscosity, and particle size. The shrinkage which takes place is dete
“mined by the approach between particle centers and is

dp’ 2 ¢(4m\'"
ap _ - A|v :E%,_N.Q _ bJEb:a (10.33)

where p’ is the relative density (the bulk density divided by the true
ensity or the fraction of true density which has been reached) and n is
Hra number of pores per unit volume of real material. The number of
pores depends on the pore size and relative density and-is given by

4 Pore volume 1-—p’ S

A n—r’=g= S -

LA 2 IAQGI = H\o = N‘a‘w\ﬂn M r mo_—Q <O~CBO \u~ Auc.u#v
. i volu K |

{ That is, the initial rate of shrinkage is directly proportional to the surface n'? = Azr, £ v Amv 1 (10.35)
tension, inversely .Eoﬁoao:m_ to the viscosity, and inversely propor; : p ) =) , ‘
tional to the particle size. . : I By combining with Eq. 10.33,
The situation after long periods of time can best be represented as sma .m S |
s in a large body (Fig. 10.35). At the interior of each por : u% _ wzw\: A=) s

spherical pore
here 1o is the initial radius of the particles.

- The general course of the densification process is best represented by a

lot of relative density versus nondimensional time, illustrated in Fig

0.36 following Eq. 10.33. Spherical pores are formed'very quickly to*

each a relative density of about 0.6. From this point until the completio

he sintering process about one unit of nondimensional time  is .

T T T 1
, ‘ Pt ,Pmd.wwl m
Fig. 10.35. Compact with isolated spherical pores near the end of the sintering proces =
_ 06} —~
. , 5 ,
there is a negative pressure equal to 2y/r; this is equivalent to an eq C2oat ]
positive pressure on the exterior of the compact tending to consolidate s
. K. Mackenzie and R. Shuttlewortht have derived a relation for the r F o2t -
of shrinkage resulting from the presence of isolated equal-size pores i . ” : L | L G

002 04 06 08 10 12 14° 16 18 20

viscous body. The effect of surface tension is equivalent to a pressur
Reduced time, yr*(t = to)/n

~2y/r inside all pores or, for an incompressible material, to the appl

*J. Frenkel, J. Phys (USSR), 9, 385 (1945).

+ Proc. Phys. Soc. (London), B62, 833 (1949). sial. From J. K. Mackenzie and R. Shuttleworth, Proc. Phys. Soc. (London), B62, 833

349)
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i » rposes is the viscosity and its rapid change with temperature. For a
ypical soda-lime-silica glass the viscosity changes by a factor of 1000
an interval of 100°C; the rate of densification changes by an equal |
tor over the temperature range. This means that the temperature must:
closely controlled. Viscosity is also much changed by composition, as .
cussed in Chapter 3. The rate of densification, then, can be increased. .
‘hanging the composition to lower the viscosity of the glassy material..
:relative values of viscosity and particle size are also important; the -
mncm:% must not be so low that appreciable deformation takes place
Jer the forces of gravity during the time required for densification. This
akes it necessary for the particle size to be in such a range that the
esses due to surface tension are substantially larger than the stresses
duecto gravitational forces. Materials sintered in a fluid state must be
ipported so that deformation does not occur. The best means of .
obtaining densification without excessive deformation is to use very::
fine-grained materials and uniform distribution of materials. This require-
ment is one of the reasons why successful compositions in silicate -
stems are composed of substantial parts of talc and clays that are
naturally fine-grained and provide a mcmmo_gﬂ driving force for the .
trification process. , ,
ilicate Systems. The.importance of the-vitrification process lies in the
hat most silicate systems form a viscous glass at the firing tempera-
re;and that a major part of densification results from viscous flow under
pressure caused by fine pores. Questions that naturally arise are how :
ich liquid is present and what are its properties. Let us consider Fig.:
6,:-which shows an isothermal cut at 1200°C in the K,0-ALOs-Si0;
em; this is the lower range of firing temperatures used for semivitre-
orcelain bodies composed of about 50% kaolin (45% ALO,, 55%
5% potash-feldspar, and 25% silica. This and similar compositions:
in the primary field of mullite, and at 1200°C there is an equilibrium’
etween mullite crystals and a liquid having a composition approximately
910,, 12.5K;0, 12.5AL0;, not much different in composition from the
tectic liquid in the feldspar-silica system (Fig. 7.14). In actual practice
nly-a small part of the silica present as flint enters into the liquid phase,
dithe composition of the liquid depends on the fineness of the grinding
ell as on the overall chemical composition. However, the amount of
ilica which &mmo?om does not have a large effect on the amount and
position of the liquid phase present. The liquid is siliceous and has a
h viscosity; the major effect of compositional changes is to alter the
ative amounts of mullite and liquid phases present. Since mullite is
fine-grained, the fluid flow properties. of the body correspond to
e of a liquid having a viscosity greater than the pure liquid phase. For

w,3@53&. For complete densification

H.M\oi
Y

EUT Some experimental data for the densification of a viscous body ar
B L mroéa in Fig. 10.37, in which the strong effect of temperature, that is, th
rT ﬁmooQQ of the material, is illustrated by the rapid change in sintering
R Hwﬂam Hro solid lines in Fig. 10.37 are calculated from Eq. 10.33. Th

tsec ™~

1.0

09

08

Relative densjty, e

©
N

1 ! | l 1

o Rl 4 6 8. 10 0 12
Time (hr) :
Fig. _c 37. Densification of a soda-lime-silica glass.

o initial rates of m_aonum indicated by :6 dashed curves: are: calculat
L m?oB Eq. 10.32. The good agreement of these relationships with
... . experimental results gives us confidence in wg::nm them to vitrificati
: ses in general.

,E.m“_wiu:n Am\w...wu_om. The particular importance of Egs. 10.31 to 1
“is the dependence of ‘the rate of densification on three major variables

,, the particle size, SmooZJw and surface tension. For m:_omﬁo materials 5
 surface tension is not changed much by composition, although there : ari
~ some systems for which surface energy is particularly low, as: illustrateg

in Chapter 5. However, surface tension is not a variable that normall

causes difficulty during the design of compositions’ or the contro

processing. The particle size ‘has a strong effect on the m_aozsm rate a

must be closely controlled if the densification process is going to

controlled. In changing from a 10-micron to 1-micron particle 90; rate
sintering is increased by a factor of 10. Even more important for contrg

2,
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stems the overall flow process corresponds to plastic flow with-a
scous flow. This changes the kinetics. of
' the vitrification process by introducing an additional term in Egs. 10.
- " and 10.36 but does not change the relative effects of different variables.
...~ Although phase diagrams are useful, they do not show all the effects of
- small changes in composition. For example, a kaolinite compositio
* should show equilibrium between mullite and tridymite at 1400°C with n
" glassy material. However, it is observed experimentally that even aftes
4 hr about 60 vol% of the original starting material is amorphous an
eforms as a liquid. The addition of a small amount of lithium oxide a:
;CO; has been observed to give a larger content of glass than addition:
" of the same composition as the fluoride. Similar small amounts of othe
* mineralizers can also have a profound effect in the firing properties 0

- particular compositions. That fine grinding and intimate mixing reduce th

" vitrification temperature follows from the analysis in Egs. 10.31 to 10.3

'S. C. Sane and R. L. Cook* found that ball milling for 100 hr reduced th
~final porosity of a clay-feldspar-flint composition from 17.1 to 0.3% wit]
‘the same firing conditions. This change is caused in part by increase
“tendencies toward fusion equilibrium and uniform mixing of constituent
‘and in part by the smaller. initial particle and pore size. In contrast t

- “triaxial (flint-feldspar-clay) porcelains, which frequently do not reac

- fusion equilibrium, many steatite bodies and similar compositions whic

_ .are prepared with fine-particle, intimately mixed material and form a le:
siliceous liquid reach phase equilibrium early in the firing process.
The time-temperature relationship ‘and the great dependence of vitrifi

, _cation processes on temperature can perhaps be seen best in the expe
the i

"~ mental measurements illustrated in ‘Fig. 10.38. As shown there,
- required for a porcelain body to reach an equivalent maturity changes
. almost an order of magnitude with a 50° temperature change. There
. changes in both the amount and viscosity of the glassy phase during firir
so that it is difficult to elucidate ‘a specific activation energy for
‘process with which to compare the activation energy for viscous flo
However, the temperature dependence of the vitrification rate, of
composition such as this (a mixture of clay, feldspar, and flint) is grea
than the- temperature dependence of viscosity alone. This is to
- expected from the increased liquid content at the higher firing tempera

tures. ,

In summary,
size, viscosity of the overall composition
liquid phase present and its viscosity), and the surface t

- some Sy
- yield point rather than to true vi

the factors determining the vitrification rate are the por
(which depends on amoun
ension. Equivalen!

*J. Am. Ceram. Soc., 34, 145 (1951).

Rela@ivé density, p*
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10:38. Effect of time'and tem | .
: : perature on the vitrification of a porcelai ,
H. Norton and F. B. Hodgdon, J. Am. Ceram. Soc., 14, Hﬁu.cwwc_a pody. Data

%M%Mmaoﬂwczw from longer periods of time at the same temperature.

n € process, the temperature de i .

/ he proc pendence is great becau

. se

bi mmwnmmmm in liquid non.ﬂoa and lowered viscosity at higher tempera-
¥ anges in processing and changes in composition affect ' the

ication process as they affect these parameters.




. which the solid phase shows a certain limited solubility in the liquid at the
- sintering temperature; the essential part of the sintering process is th
- ..solution and reprecipitation of solids to give increased grain size and

« "~ carbides and also in oxide systems when the liquid phase. is fluid and

498 ‘ INTRODUCTION TO CERAMICS

10.4 Sintering with a Reactive Liquid

Another quite different process which leads to densification is sintering
in the presence of a reactive liquid. Here we are referring to systems it

density. This kind of process occurs in cermet systems such as bonde

_ reactive, such as magnesium oxide with a small amount of liquid phase
- present (Fig. 10.39), UO, with the addition of a small amount of TiO, (Fig.
~7.11), and high-alumina bodies which have an alkaline earth silicate:assa
“'bonding material.

A g v«f? 2 &Mw. AN i

Fig. 10.39. “Microstructure ‘of magnesia—2% kaolin body resulting from reactive-lig
“sintering (245x). )

. Studies of a large number of systems indicate that for densification to.
take place rapidly it is essential to have (1) an appreciable amount’
liquid phase, (2) an appreciable solubility of the solid in the liquid, and (3
~wetting of the solid by the liquid. The driving force for densification
derived from the capillary pressure .of the liquid phase located between
the fine solid particles, as illustrated in Fig. 10.40. When the liquid phas
wets the solid particles, each interparticle space becomes a capillar
which a substantial capillary pressure is developed. For submicror

particle sizes, capillaries with diameters. in the range of 0.1 to 1 mic;

A A of
-liquid composite with varying amouuts of ,_EcE phase. (b)

4 J mm_wrnnom.nxolm pressure to pull them Swﬁroh,?v Surface
ic'showing liquid capillary depression between crystal;

499

&

w.o.ao. (a):Surface of solid
‘of liquid between two soli

_.m,ﬁm:»n ceram

S.
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mi, and the solid is wetted by the liquid phase, as required to develop the
,n.nnmmmn.% OW@E&Q pressure. For grain growth of periclase particles in a
cate liquid, the dihedral angle has a large effect on the grain-growth
rocess, as illustrated in Fig. 10.41. Although zero dihedral angle is not :
. sential for liquid-phase sintering to occur, the process becomes mor
flective as this ideal is approached. ; : ,

develop pressures in the range of 175 to 1750 psi for silicate liquids and i
" the range of 975 to 9750 psi for a metal such as liquid cobalt (se
-+ discussion in Chapter 5 and Table 5.2).
© ' The capillary pressure results. in densification by different processe
. which occur coincidentally. First, on formation of a liquid phase there is :
o ,wnw:wzmnana of particles to give a more effective packing. This caoomm
. «can lead to complete densification if the volume of liquid present i
% sufficient to fill in the interstices completely. Second, at contact point
. where there are bridges between particles high local stresses lead t
. plastic deformation and creep, which allow a further rearrangemen
.~ Third, there is during the sintering process a solution of smaller particles
" and growth of larger particles by material transfer through the liqui
“phase. The kinetics of this solution-precipitation process have already
‘been discussed in Chapter 9. Because there is a.constantly imp
.;w‘owvm:mn% pressure, additional particle rearrangement can occur during
" grain-growth and grain-shape changes and give further densification. (As
" discussed for vapor transport and surface diffusion in solid-st
/ing, mere solution-precipitation material transfer without the
. capillary pressure would not give rise to densification). Fourth, in cases in
. which liquid penetrates between particles the increased pressure at th
' contact points leads to an increased solubility such that there is materia
transfer away from the contact areas so that the:particle centers approac
~_one another and shrinkage results; the increase in solubility resulting from
‘the contact pressure has been discussed in Chapter 5. Finally, unless ther
is complete wetting, ,noonSENwaoz and grain growth sufficient to form:
“solid skeleton occur, and the densification process is slowed and stopped.
- Perhaps even more than for the solid-state process, sintering in thi
~presence of a liquid phase is a complex process in which a number ©
.,wvrnaoinzw occur simultaneously. Each has been shown to occur, bu
_experimental systems in which a single process had been isolated an
analysed during sintering have not been convincingly - demonstrated
Clearly, the process requires a fine-particle solid phase to develop th
“necessary capillary pressures which are proportional ‘to the invers
capillary diameter. Clearly, the liquid concentration relative to the solid
particle packing must be in a range appropriate for developing th
necessary capillary ‘pressure. Clearly, if and when a solid skeleto
develops by particle coalescence, the process stops. :

A critical and still controversial question is. the degree of wetting
required for the process to proceed. In some important systems such:
tungsten carbide—cobalt and titanium: carbide-nickel-molybdenum i
dihedral angle is zero. In other systems such as iron-copper and magnesi
silicate liquids this is not the case at equilibrium; but the dihedral angle

i I | g f
261 ®No Rq03. .
o .OﬁwOu N

DH.AQNOm , i

Ja¥ OOHNO@ & H.AmNOu

24+

221

18}~

Average periclase grain diameter (microns)

161

| l L { L
0 10 200 ¢ 30 40 50

Dihedral angle (deg)

u Mﬂo OSE%SE.E ow periclase particles in liquid-phase-sintered uni&mmo,mmmnmﬁw
sitions as a function of dihedral angle. From B. Jackson, W. F. Ford ite,
ans. Brit. Ceram. Soc., 62, 577 (1963). - ord, and J. White,,

P

Pressure Sintering and' I.:

wqammmam

he sintering processes thus far discussed depend on the omvaJ\m
nmm.snmm.amm:_mum from surface energy to provide the ,&?Em force mow,,,w
ensification. Another method is to apply an external pressure, usually at
ww»mm temperature, rather than relying entirely on capillarity.* This is
, irable in that it eliminates the need for very fine-particle materials w:aM
0 removes _mnmabonom caused by nonuniform. mixing. An additional
antage is that in some cases densification. can be obtained at a
perature at which extensive grain growth or secondary recrystalliza-

. Coble, J. Appl. Phys. 41, 4798 (1970).
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i i ti
ion does not occurl. Since the mechanical proper

i i in size,
‘systems are maximized with high density and small gramn

i i hniques. The €

i ined by hot-pressing ﬁom . fec
properties can be owﬁm%onmmmnmao: of a beryllium oxide _uoa< is Ecq
T f hot pressing qu oxide

i ,ﬁmm. 10.42. The main disadvantages O

ass as a glass-forming method in which it is used to obtain the desired
shape rather:than as a means of eliminating porosity. .
Densification during pressure sintering can occur by all the mechanisms
hich have been discussed for solid-state sintering, vitrification, and
liquid-phase sintering. In addition, particularly during the early stages,
hen high stresses are present at the particle contact points, and for soft
aterials, such as the alkali halides, plastic deformation is an important
‘densification mode. Since the grain-growth process is insensitive to

ressure, pressure-sintering oxides at high pressures and moderate temp-

e

ratures allows the fabrication of high-density~small-grain samples with -

29 ptimum mechanical properties and with sufficiently low porosity to be
early transparent. Covalent materials such as boron carbide, silicon
o 28 arbide, and silicon nitride can be hot-pressed to nearly complete density.
. M is often advantageous to add a small fraction of liquid phase (i.e., LiF to-:
m 27 g0, B to silicon carbide, MgO to silicon nitride) to allow pressure- -
7 duced liquid phase, or liquid-film, sintering to occur.
.m N.m«,\ :
%
B 25 6 Secondary Phenomena
Sintered 1600° o . o ) o
ot The primary processes which occur on heating and are important in

onnection with the firing behavior of all ceramic compositions aregrain.
owth and densification, as discussed in previous sections. In addition to
ese:changes, there are a large number of other possible effects which
occur during the firing of some particular compositions. These include
emical reactions, oxidation, phase transitions, effects of gas trapped in’
sed pores, effects. of nonuniform mixing, and the .application of
: oy el . during: heating. Although they are not processes of the most.

: ility of inexp ) sure A . ‘

* bodies are the ==mﬂw__wmmn_w~=< in making the EonowaEMM hot-presé neral importance, they frequently cause the main problems and the -
. 3 factors make the not- g jor phenomena observed during firing. Although we cannot discuss:
_‘one to achieve Emﬁ-mmga waoawoﬂmm.wmwm&w which have to be press UB WM great detail, we should mmw_ammﬁm be ?B:m_.wq with some of the
 process an eXpERSVE D 00°C (often at 1800 to 2000°C) graphite sibilities. | | |

. o or : e : . )

at ﬁovanwﬁnM mmmuohmn material available; the Bmx:.E:s m:.mmm Is HEW Ozxidation. Many natural clays contain a few percent organic matter
b nmoﬁ ”Mﬁwmwwa Mocnam per square inch, and the :3:&,.%%&” afwmom ich.must be oxidized during firing. In addition, varnishes or resins used
"o a few thou . . ire die must be heated: U ‘binders, as well .as starches and other organic plasticizers, must be
. ,‘w”“_mawma to seven or eight Emn.om. HMMMMMMMMMQC&:M high temperatu dized during firing, or ‘M.W&Enc_mnm Smc_ﬁmcbamw normal conditions
o pwith the mOnEwaon.omMNME&WM@MM.H_&:SE@& cool with the Bwamnwm_ hea nic materials- char at temperatures above 150°C and burn out at
. inaproces iy romise in laboratory tests but rm<,,o not vnn mperatures ranging from 300 to 400°C. Particularly with low-firing-
~have shown woﬂo Mon ; : emperature compositions; it is necessary to heat at a slow enough rate for
veloped for production: rocess to be completed before shrinkage becomes substantial. If the

;. .dou
. h as glasses or glass .
E ature materials, Suc : % L . NS .
For _w,.zon amﬂu.n Mn can be pressed in ‘metal dies at temperatures belo bonaceous material is sealed off from:the air by vitrification occurring
compositions Whi¢ te ‘oxidation is completed, it acts as a reducing agent at. higher

20 25 30 3 40 45
Time 9:3

ion of vaEm by mm_.:oiu.m”mua vw hot pressing at .Wuooc%m_.

23075 10 15

Fig. 10.42. Densificat

ensive and long-life dies for hi
an automa
temperatures and 4
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s

quilibrium pressure of the gaseous product; if this pressure is exceeded,
ther decomposition does not take place, leading to the major problem
countered, the sealing of pores before complete dissociation. As the
mperature is raised, the decomposition pressure increases and forms :
ge pores, blistering, and bloating. (This is, of course, the method used
orm cellular glass products in which the surface is intentionally sealed
before chemical reaction or decomposition takes place to form a gas”
phase that expands and produces a foamed product.) This kind of defect"
articularly common when high heating rates are used, for then there is.
temperature gradient between the surface and interior of the ware, and -
surface layer vitrifies, sealing off the interior. This temperature
gradient and the time required for oxidation of constituents or impurities
¢the two most important reasons for limiting the rate of heating during
ing. -
Sulfates create a particular problem in firing because they do not:
decompose until a temperature of 1200 to 1300°C is reached. Therefore .
y remain stable during the fiting process used for burning many clay
dies. In particular, CaSO. is stable but slightly soluble in water, so that
gh sulfate content leads to a high co tion of soluble salts in the
rned brick. This causes efflorescence—the transport of slightly soluble -
alts to the surface, forming an undesirable white deposit. Addition of
arium carbonate prevents the deposit from forming by reacting with..
Icium sulfate to precipitate insoluble barium sulfate.
Decomposition also occurs in some materials to form new solid phases
articular example used in refractory technology is the decomposition’
yanite, ALO;-SiO;, to form mullite and silica at a temperature of 1300
450°C. This reaction proceeds with an increase in volume, since both
ullite and the silica glass or cristobalite formed have lower densities
an kyanite. The reaction is useful, since the addition of kyanite to a
omposition can counteract a substantial part of the firing shrinkage if the

“ constituents are carefully ,mw_onﬂoa. Similarly, reaction of MgO with
;05 :to form spinel occurs with a decrease in volume. By incorporating
gnesia and alumina in a refractory mix, or more - commonly in a:

41 i , ducts whose interiors are inj;
. ing of brick and heavy clay pro
S no:‘_wa black in color. A typical example of a stoneware heated to

- Q ﬁw 3 L. . - -
H.MMMMAMM Mz. oxidation to be completed is illustrated in Fig. 10.43, whic

shows the central black core. Very often mEv:QMoM Eoma.”:.wwwmwwc_m”
. i i idized before vitri . St

. s, may cause difficulties _.E_am.m oxi ;

‘ m_m__wmg Ms wazw_.m_ react with oxygen in the temperature range of 350
00°C. forming SO gas which escapes through open pores.

: ig. 10.43. Example of black'core E.cn.:nm i
insufficient for completion of ‘the. reaction.

dwhen time allowed for oxidation reactions W

3 In ferrite and mmwam compositions control of oxEmao& mm.m%couaw Mc“
firing is particularly important. As illustrated for the Ti-TiO: wnnnmmzx
<w»m5m\. (Chapter 7), the phases present depend on the oxygen p ,

A . iti f these phas
: o iscussed in Chapter 4, the composition O
In addition, as discussed p hiometry and depends on the oxy

i e of stoic n
covers a substantial range ot stoic , oxy
pressure. It is common practice in the manufacture of ferrites 1o

the oxygen pressure during firing so that the ooEuOmEow om,o.wﬂrm %MM
present, and the overall phase composition of the body, is' mainta

ecompos me:n:o.uaomawmmwww of the constituents used in ceram gh-temperature ramming mix or cement, the shrinkage taking place on
Decomposition Reactions. . |

, . ting can be decreased. : ,
Bl i s o or hydrated compounds; theseg 8 o : o .
bodies are ‘in ﬁ.ro\ form of! om_,comﬂomm%mﬂwmaw gaseous: product (COp hase Transformations. Polymorphic transformations may be desira- -
decompose during firing to form'the oxmﬂo%wwomncozmﬁomw,,rwa_.mﬂﬂy\m,wb wor undesirable, depending on the particular composition and the -
H.0). Many impurities mno,m_mo Incorpor Section 9.4). g ticipated use. If a large volume change accompanies the polymorphic
sulfates and decompose during firing (see “mﬁc_.omawz.mo between 100 and ansformation, difficulties result, owing to the induced stresses. Refrac-
Hydrates anowavo.mm, over w.i_aa HMHH“MMEOFNOmaco:mSm decompo ries cannot. be made ,oonﬂ.&.inm pure NWo.oEE: oxide, for n.xmBEow,
1000°C, depending on the wwn:nc ar © vaocooo also depending on th ce the tetragonal monoclinic transformation at about 1000° involves
over a temperature nmamm from Mowo_”wowwana ' there is, of course, h:alarge volume change that the ware is disrupted. The source of these
rticul ition. For eac ’ : ‘
particular composi
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c : . in Chapter 5 ,5« connection with boundar n the ultimate density that can be reached during firing. Gases such as
.. stresses has been &mnwmmna n p 1 expansion or contraction of ater vapor, hydrogen, and oxygen (to a lesser extent) are able to escape:
©. % stresses caused by a_moanz.:m_ therma namn of a crystal in a matr om closed pores by solution and diffusion. In contrast, gases such as:
- different grains. The expansion of con ive rise to actual cracking; arbon monoxide, carbon dioxide, and particularly nitrogen have a lower
eads to the same sort of ma.anmmnm that may %_ in Fig. 10.44. The stresses olubility and do not normally escape from closed pores. If, for example,
i oz.un_m_: do. Y ize mm.ana.:oma. properties sherical pores are closed at a total porosity of 10% and a partial pressure .
d if mwo mB.Enm. used rather mrm: coars of:0.8 atm nitrogen, the pressure has increased to 8 atm (about 110 psi)
-grained fiin ® : hen they have shrunk to a total porosity of 1%, and further shrinkage is -
ited. At the same time that the gas pressure is increasing, however, the
egative radius of curvature of the pore becomes small so that the
egative pressure produced by surface tension is increased proportional :
r; the gas pressure builds up‘proportional to 1/r’. For sintering in: air .
actor usually limits densification; where very high densities are’
tequired, as for optical materials or dental porcelains requiring high’
anslucency, vacuum or hydrogen atmosphere is preferred. .
Nonuniform Mixing. Although not mentioned in most discussions of
sirtering, the most important reasonwhy densification and shrinkage stop:
short of complete elimination of pores t gross defects caused by
perfect mixing and compact consolidation prior to firing are usually.
present. Examination of typical production ceramics shows that they
commonly contain upward of 10% porosity in the millimeter size range
that- is, pores much larger than the particle size of the raw materials.
roduced in the composition).: These pores are caused by local varia-_
ns induced during forming, and there is no tendency for elimination of -
these: pores during. firing. Corrective : treatment must be taken in the:
\ rming method. , ;;
B o m ations only occur sluggishly Thi verfiring. Ware is commonly referred to as overfired if for any of a
m_nwd_m_wrmmn :w:.m orm firing of refractory sili ty of reasons:a higher firing temperature leads to poorer properties or:
for example, with ﬁ.w © Bﬂml.& ,wo. tridymite and cri ‘educed . shrinkage. For solid-state sintering, such ‘as ferrites and-
the. starting %% © m:% ,m_oi_v\. In order tanates, a. common cause is secondary wnnawmamcﬁwmo: occurring at the -
‘ . . ide is added ‘as a-minera igher temperature before the elimination of porosity. Consequently,
increase the rate of wammoaawcoa. nw_ozmu MHEMWMMM amE,om_ is soluble te is some maximum temperature at which the greatest density or
izer. The calcium oxide .,,,mo:sm a mncnonmw:wﬁm as tridymite, which: imum properties are obtained. For vitreous ceramics the most com-
 Consequently the quans a_mmo_wnm MMBM of the quartz transforms directl ‘cause of overfiring is the trapping of gases in'pores-or'the evolution
the more m»_ww_ﬂvﬁwwwﬁmu\rwwmwmmv.mm well. In Mmzmaw_.w mineralizers help gases which cause bloating or blistering. = S
cristobalite durin ! Tl g ; te , ,
MMEni:m equilibrium conditions by Eow_m_:m a ENM&MMMMWO“&MWH ‘
transfer—solution OF <mmoﬂmw_wswzﬂmmNMN—M—WMMMEO= of n:oaan,mw
. nsformations. In silicate t . . ,

Mﬂmwhmpmo:m is particularly roﬁ_uvmﬂ_ in Mwwmmn%mma‘ since they ‘grea
- idi iqui ase . . o
Eo.mommn mﬂum”HM:«wM MMMM:_MVM to %ﬁ Eow::m,ooommmwzna by «ammonwnwm
:onnw%%omozmx ﬁ%&:m_woﬁ gases within closed pores imposes a limitatig

g Emﬁxw;_nwu porcelain body. Differentia

., Fig. 10.44. Cracked quartz grain and surro e o eracking of larger grains b

. ‘expansion due mainly to the a-f quartZ .ﬁn.m_,am.:_o:‘w_
e " leaves small grains intact Gcoxv,.,. :

S Sometimes de
© :-is what happens, ;
. ©The transition from quartz, the.
" " tobalite, the desired end: constituents, occurs 0

£

)7"" Firing Shrinkage

formed, green ware contains between 25 and 50 vol% porosity. The
ount depends on the particle size, particle-size distribution, and
rming method (Chapter 1). During the firing process this porosity is
1oved; the volume firing shrinkage is equal to the pore volume
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eliminated. This firing shrinkage can be substantially decreased
-~ addition of nonshrinking material to the mix; fire-clay brick is commonl
‘manufactured with grog (prefired clay) additions which serve to decrea
- firing shrinkage. Similarly, this is one of the functions of the flint in th
‘porcelain body; it provides a nonshrinking structure which reduces th
~shrinkage during firing. Terra-cotta compositions, composed of mixtures
: ;,;H,_cm fired grog and clay, can be made in large shapes because a large part.0
. the raw material has been prefired and the firing shrinkage is low.
- If firing is carried to complete densification, the fractional porosit;
- originally present is equal to the shrinkage taking place during firing. Thi
“commonly amounts to as much as 35% volume shrinkage or 12 to 13
Jinear shrinkage and causes difficulty in maintaining close tolerance
However, the main difficulties are warping or distortion caused b
ifferent amounts of firing shrinkage at different parts of the war
Nonuniform shrinking can sometimes even cause: cracks to open.
. Warping. A major cause of warping during firing is density variation:
n the green ware. There are many reasons for differences in porosity i
he green ware. The density after firing is nearly uniform, and there’
~ higher shrinkage for the parts that had alow density than for the parts tha
. 'had a high density in the green ware. In pressed ware, pressure variation§
“in the die (Chapter 1) cause different amounts of compaction at different
“parts of a pressed piece; usually the shrinkage at the center is larger than
o the shrinkage at the ends, and an hourglass shape results from an initiall
. cylindrical sample (Fig. 10.45a). : ;
Another source of warping during firing is the presence of temperatur

_gradients. If ware is laid-on a flat plate and heated from above, there is' and warping can be eliminated in three ways: first, altering |
: s g the forming

‘temperature difference between the top and bottom of the ware that m: ethod to minimi .. .. ‘
cause greater shrinkage at the top than at the bottom and a correspondi ay that oo_h.m””Mmﬁwwomwwcwwwmm:“mwwﬂmﬁwwmuo:a.. aom_mu._cm;m:mvom,mn.w
- warping. Hz, some cases the m_.u<:m&o=m_ stresses ‘may be sufficient g that minimize the effects of i“m 5. o) ’ :ﬂzm moﬁm_bm Bogoammz
'make: the: ware; lie fiat, -even though shrinkage is nonuniform. Th rming methods is to obtain :EHOMMW\H m.om ”M_o Mages _ano‘.\n,i.nn.ﬁ._:
relationship between temperature distribution, warpage, and moﬂnammo rming. This requires elimination of pr mwm,:nm he Mﬁ ructure QE,E.m \_E\:m_,
under the stresses developed is complicated and difficult to- analy er-sources of porosity variation. Pressin mmwum_ _nuwf segregation, ,m.za
quantitatively. Another source of warpage in firing is preferred orien ength' to die diameter ‘cause anrmﬁw ﬁﬁwﬁ.o o mmﬁ at have long ratios.
‘tion of the:platey clay particles during the forming process.-This cau ixes that have low plasticity are vmaoc_mn__ ns- x:,caoa and pressed
the drying and firing shrinkage to have directional properties.. tions and green density differences.. Sli W m_..ozm;ao large pressure
Vitreous ware is also warped by flow under forces of gravity. This : a degree of segregation and aocmmﬁ.% &m nmm 1ng ,,M:Q. extrusion both
especially true for large heavy pieces in which substantial stresses ng may occur during the casting Eoommm ohwwﬂm_:mﬁm_“wxmﬂ__w m_ mon.:m
’ tural varia-

_developed. In the forming of vitreous sanitary ware, the upper surface ‘During extrusion pressure differences at various parts of the di
- Du . . ( arts of the die or
nsymmetrical setting for the die can cause variations. ,

a closet bowl (Fig. 10.45¢) or a lavatory (Fig. 10.45d) must be designe
with a greater curvature than is desired in the end product so that th ometimes variations in firing shrinkage and difficulties f
: > s from warpin
‘be overcome by compensating the shapes. This is true, for oxmBEmm

settling which occurs on firing produces a final shape that is satisfacto ]
A final contributor to warpage during firing is the frictional force or dr¢ Fig. 10.45, in which the closet bowl and lavatory are designed i "
f i esigned 1n such a

"\.mqmm:

|_-Fired

[

g.10.45. Firing shrinkage of (a) i ith diffe

1 pressed crucib rential shrinka,
Fi rin  of (c : ge due to

MW_M anmwmh__m. hs _.M;n with differential shrinkage due to temperature gradients ?WMMMM
erential shrinkage due to. gravit i “di i i :

ctional force of setti gravity settling, and (d) differential shrinkage due to

.ﬁm ware against the setter. This means that the bottom surface tends to
hrink less than the upper surface (Fig. 10.45d). Ware must be desi lo@
wmﬁ Em.mzm_. shape, including shrinkage, comes out to be nmoﬁmcmc_w_. i
ifficulties caused by differential firing shrinkage, resulting &&onmn.iw
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In the same way, when plates
a tendency for the rims to settl
d for by adjusting the shape of the initial piece..
t in eliminating difficulties caus
have been most extensively d
tions in which complete vitrification;
1t. Some of the standard setting metho
and bowls are commonly boxe

he rim circular, since warpage of ©

- way that the final shape is satisfactory.
- fired in the horizontal
" this can be compensate

Correct setting methods are importan
rinkage variations. These

position there is

by firing-sh
7 ‘veloped for porcelain composi
: :desired and high shrinkages resu
are illustrated in Fig. 10.46. Cups
indicated in Fig. 10.46a. This keeps t

L R 5
restricts warpage of the other; in addition, it prevents the thin rims from

eated. For larger pieces, unfired setters are necessart
hrinkage and maintaining circular rims.
different kinds of plate:compo
f shrinkage expected. For ware fired
ing and support are essential. FC
es can be stacked with no ill effect
do not cause much difficulty. -

being too rapidly h
,ﬂ_‘mm a means of controlling.s
. of methods is used for setting
- 7 tions, depending on the amount o
" “complete vitrification individual sett
~ware fired to partial densification

“In ;.moz,o_.mr. large tiles and brick

hods for special shapes. (a) Large tiles set an angle of rep

Fig. 10.47. Setting met ‘
d by collar; (c) special -shape; (d) sculptured piece. From E

(b) siender rod supporte
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.Special shapes may require special setting methods to eliminate ad- .
erse effects of firing shrinkage. Large refractory tile can be set at an
ngle of repose on a flat surface (Fig. 10.47a). This allows the tile to

ink without much stress. In the same way rods or tubes may be set E,w__
1 inclined V groove or supported by a collar from the upper end (Fig. .
0.47b). Gravitational forces keep the tubes straight up to lengths of
eral feet. Unique shapes can always be supported on special setters
esigned for the particular sample. Some experience is necessary to
andle unique shapes efficiently. Small pieces of sculptured vitrified ware
-particularly difficult. The safest setting provides complete support :
m unfired struts (Fig. 10.47d). ; ;
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wuwmmumima between primary recrystallization, grain growth, and secondary Snaﬁ-, ,
tallization as to (a) source of driving force, (b) magnitude of driving force, and (c)
importance in ceramic: systems. : - :

xplain why the activation: energy for “grain-boundary migration corresponds
approximately with that for boundary diffusion, even though no concentration
gradient exists in the former case. :
‘Can grain growth during sintering cause compaction of ceramics? Explain. Can
ain growth: affect the sintering rate? m%_mm:.
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Ca0 which is-cubic and could be transparent if sintered to theoretical density.
_‘Outline your research program if you were to seek to make CaO transparent through
sintering. .

The time required to shrink. 5% for a compact of 30-micron glass spheres is
209.5 min at 637°C and 58 min at 697°C. Compute the activation energy and viscosity . :
of the glass on:the basis that surface energy is 300 ergs/cm?. .

10.4. .~ Which of the following processes can contribute increased strength to sinteré
“articles without causing compaction? Explain. 4
{a) Evaporation condensation.
,AS Volume idiffusion.
Viscous :flow.

Surface diffusion.
Solution reprecipitation.

- 10.5. >mmc===m the surface energy of NiCr,0, is 600 erg/cm’ and estimating diffusion da
“from Cr;0; and NiO data given in Chapter 6, what would be the initial rate
‘densification for a compact of 1-micron particles at 1300°C? at 1400°C? at 1200°C?

10.6. Hm pores of -5-micron diameter ‘are sealed off containing nitrogen at a pressure
. 0.8atmina glass having a surface tension of 280 dynefcm and a relative density
. 0.85, what will be the pore size at which the | mmm pressure_ just balances the negativ
. pressure due to the surface tension? What will be the relative density at this point
¢10.7. /Explain the mechanism of reactive-liquid sintering, such as occurs for Co-WC;
:‘compositions. Identify two - critical solid- liquid interaction characteristics in g
system showing this behavior, and describe how you would quantitatively measuti

them.
10.8. - From data collected a:::m sintering of powder compacts of nominally pure simpl
) vvwwm materials at variable heating rates, the observed rates of density chang
analyzed on an Arrhenius plot frequently give activation: energies' higher in val
‘than that for lattice self-diffusion. There are three sets of assumptions on which thi
behavior can be rationalized. Give two examples of suitable wmmc_dm:osm. an
- ‘explain the behavior on a mechanistic basis. .
+10.5. ‘During the normal.grain growth of MgO at: 1500°C, Swm:—_m were observed to mno
rom 1 micron diameter to 10;micron diameter ‘in- 1-hr. Knowing. that the: grai
- boundary diffusion energy is 60 wnw_::o_m predict the grain size after 4 hr at 1600

‘What effect would you an_Q impurities will vw<m on the rate of grain growth
:MgO? Why? ; )
:Suppose that in oam_. 8 reduce:sintering mw.::rwmo you were to B_x,nnocmr fin
. “particles: (about 30%), 1 micron in diameter, ‘with coarse particles, 50 microns
“diameter, so that all the interstices between the coarse particles were filled with fing
particles. What -would be:the rate: of shrinkage of this compact? Make: a-plot.§
log (AL /L,) versus:logt, and place the I-micron powder and 50-micron powd
shrinkage lines in ‘their relative positions; then place the :shrinkage «curves for th
composite material in its proper position with respect to the 1-micron and 50-micro
.6:22 Justify your answer. ; :

10.11, > certain magnetic oxide material is believed to follow the normal mnwmnrmncim }
oﬁ_:m:on. Magnetic- mﬁonmﬁr properties deteriorate when grain size increases vn%c
an average of 1 micron. The original grain size: before sintering is 0.1 563,
‘w.aam_nm for 30.min triples the grain size. Because of warping of large. pieces,
- superintendent of ancn:on wants to_increase the: m_am:bm time. What _m.E
,, ‘maximum. time you would udnoBEo:% : )

. 10.12. m>_====w with.MgO is sintered to nearly Eooao:om_ am:m_a\ in:hydrogen to the HSE
“that' the optical transmission in the visible range is almost 100%. Actually
material (Lucalox):is not transparent but transiucent because of the hexagon;
crystal structure of alpha alumina. It is used to contain sodium vapor (at pressurg
above atmospheric) for street lamps. An alternative candidate for this applicationis

310,10




