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I1 
PROCESSING OF CERAMICS 

The relationships among atomic bonding, crystal structure, and properties 
for ceramics, metals, and polymers were discussed in Part  I. It was 
shown that the theoretical strength is controlled by the strength of bonding, 
but that in actual ceramic components the theoretical strength is not achieved 
due to flaws in the fabricated material. The objectives of Part Il are  to 
review the fabrication processes used for manufacturing ceramic compo- 
nents, determine where in these processes strength-limiting flaws are 
likely to occur, and provide the reader with approaches for detecting these 
flaws and worldng with the ceramic fabricator to eliminate them. 

Most ceramic fabrication processes begin with finely ground powder. 
Chapter 5 describes the criteria for selection of the starting powder, meth- 
ods of achieving the proper particle size distribution, and requirement8 
for pretreating the powder before i t  can be formed into the desired wm- 
ponent. 

Chapter 6 describes the processes used to form the ceramic powders 
into the component shapes. Uniaxial and isostatic pressing, slip casting, 
e m i o n ,  injection molding, tape forming, and green machining are 
included. 

The shapes resulting from the forming processes described in Chap. 6 
consist essentially of powder compacts that must be densified by high- 
temperature processing before they will have adequate strength and other 
properties. The mechanisms and processes for densification are explored 
in Chap. 7. Some processes combine formtng and densification in a single 
step. These include hot pressing, chemical vapor deposition, liquid par- 
ticle spray, and cementicious bonding. These are also discussed in Chap. 1. 

Ceramic components requiring close tolerances must be machined 
after densification. This machining step can be as expensive as  all the 
other process steps together and thus must be thoroughly understood by the 
engineer. Chapter 8 reviews the mechanisms of material removal during 
machining, the effects on the strength of the ceramic, and guidelines for 
selection of a machining method and abrasive material. 
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I 
Chapter 9 discusses quality control and quality assurance methods fo r  

-eramic components. Use of specifications and in-pmcess certification 
vill be described. Nondestructive inspection techniques for both internal 

d surface flaws a r e  reviewed, including radiography, ultrasonics, image 
>nhancement, penetrants, and some relatively new techniques that look 
mmising.  5 

Powder Processing 

The nature of the raw material has a major effect on the final properties of 
a ceramic commnwt. m, m t i c l e  size-n, m, & 
m m ,  

availability, and c&mus-- 
controlled. In t z c h a o t e r  we discuss &e types and sources of raw materi- -~ 
a l s  and the processing required to prepare them into the appropriate purity, 
particle size distribution, and other conditions necessary to achieve opti- 
mum results  in later processing steps. 

5.1 RAW MATERIALS 

Traditional Ceramics 

Ceramics have been produced for centuries. The ear l ies t  ceramic art icles 
were made from naturally occurring raw materials. Early civilizations 
found that clay minerals became plastic when water was added and could be 
molded into shapes. The shape could then be dried in the sun and hardened 
in a high-temperature fire. The word "ceramic" comes from the Greek 
word keramos, which translates roughly as "burnt stuff." 

Many of the raw materials used by the ancient civilizations a r e  s t i l l  
used today and form the basis of a sizable segment of the ceramic indusky 
1 -  These ceramic products a re  often referred to a s  traditional ceramics.  
Important applications of traditional ceramics a r e  Listed in Table 5.1. Some 
of the naturally occurring minerals and their sources and uses a r e  sum- 
marized in the following paragraphs. 

The clay minerals a r e  hydrated aluminosilicates which have layer 
structures.  There a r e  a variety of clay minerals, including kaalinite 
[A12(Si205)(OH)4], halloysite [A12(Sifi5)(OH)4.2~201, pyrophyllite 
[A12(Si205)2(OH)21, and montmorillonite [All. 61 (Na, Mg)o. 33 (Si205)2(OH)~l. 
All a r e  secondary in origin, having formed by weathering of igneous rocks 
under the influence of water, dissolved CO2, and organic acids. The 
largest deposits were formed when feldspar (KAISi30a) was eroded from 
rocks such as granite and deposited in lake beds and then altered to a clay. 
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rahle 5.1 Traditional Ceramics 

Nhitewares Dishes, plumbing, enamels, tiles 

ieavy clay Sewer pipe, brick, pottery, sewage treatment, 
pmducts and water purification components 

I<efractories Brick, castables, cements, crucibles, molds 

'onstruction t Brick, block, p la~ter ,  concrete, tile, glass, 
fiberglass 

ibrasive products Grinding wheels, abrasives, milling media, sand- 
blast nozzles, sandpaper 

ilass Too numerous to list 

The importance of clays in the evolution of traditional ceramic processing 
annot be overemphasized. The plasticity developed when water is added 
rovides the bond and workability so important in the fabrication of pottery, 
innerware, brick, tile, and pipe. 

Silica (SiOz) is a major ingredient in glass, glazes, enamels, refrac- 
~ries ,  ahraslves, and whiteware. Its major sources are in the polymor- 
uc form quartz, which is the primary constituent of sand, sandstone, and 
IartZite. 

Feldspar is also used in glass, pottery, enamel, and other ceramic 
%ducts. Feldspar minerals range in composition from KAISi30s to 
aAISi308 to CaAlzSi~Os and act as a flux (reduces the melting temperature) 
a composition. Nepheline syenite (NazAl~Si@~) is used in a similar 

shion. 
Other naturally occurring minerals used directly in ceramic composi- 
ns inclule talc t(Mg3(Si@5)2(0H21, asbestos f(MggSi205)(OH)ql, wol- e tonite (CaSi03), and silllmanite (AlzSiO5). 

I odern Ceramics 

ring the past 50 years scientists and engineers have acquired a much bet- 
materials and their processing and have found 

at naturally occurring minerals could be refined or new compositions syn- 
esized to achieve unique properties. These refined or  new ceramics are 
ten referred to aa modern ceramics. They typically are of highly wn- 
olled composition and structure and have been engineered tc fill the needs 

traditional ceramics. odern cerami 
as A1203, ZrO2, Tho2- 
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MgA1204), magnetic cezamics (such as PhFel2019, ZnFe204, and , 
Y ~ F e ~ ~ 0 2 ~ ) ,  -(such as  BaTiOg), (such 
as U02 and UN), and w, carhldes, and lnxl&@ (such as SigNq, SIC, 
B4C, and TiBZ) (4-61. Table 5.2 summarizes many of the modern ceramic 
applications. Emphasis in this book will be on the modern ceramics as 
they are the ones with which an engineer is most likely to become involved. 
Zhe following sections describe how some of the modern ceramic starting 
powders are refined o r  synthesized. 

Aluminum Oxide Powder 

causc of thelr cheml- 
/ - -  - 
cal inerbess and hardness. A1203 powder is produced in large quantity 
from the mineral bauxite by the w. Bauxite is primarily col- 
loidal aluminum hydroxide intimately mixed with iron hydroxide and other 
impurities. The Baver Drocess involves the selective leachine of the alu- 
mina by caustic soda and ~reci~i-. 
The resulting fine-particle-size aluminum hydroxide can then be thermally 
converted to A1203 powder, which is used to manufacture polycrystalline 
~ 1 ~ 0 ~ - h a s e d  ceramics. 

A1203 powder is used in the manufacbre of porcelain, alumina labora- 
tory ware, crucibles and metal casting molds, high-temperature cements, 

Table 5.2 Modern Ceramics 

Electronics Heating elements, dielectrics, substrates, semi- 
conductors, insulators, transducers, lasers, 
hermetic seals, igniters 

Aerospace and Reentry, radomes, turbine components, heat ex- 
automotive changers, emission control 

Medical Prosthetics, controls 

High-temperature luln furniture, braze fixtures, advanced refrac- 

structural tories 

Nuclear Fuels, controls 

Technical Labratory ware 

Miscellaneous Cutting tools, wear-resistant components, ar- 
mor, magnets, glass-ceranlics, single crystals, 
fiber optics 
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wear-resistant parts (sleeves, tiles, seals,  etc.), sandblast nozzles, ar- 
mor,  medical components, abrasives, refractories, and a variety of other 
components. Many hundreds of tons of alumina powder and alumina-based 
art icles a r e  produced each year. It has even been used to make extrusion 
dies for  corn chips and mixing valves for water faucets. 

1 Magnesium Oxide Powder Magnesium oxide occurs naturally as the min- 
I e r a l  periclase, hut not in adequate quantity o r  purity for commercial r e  

quirements. Most MgO powder is produced from MgC03 o r  from seawater. 
It i s  extracted from seawater as the hydroxide, which is  easily converted to 
the oxide by heating at  the appropriate temperature. 

MgO powder is  used extensively for hi~h-temperature electrical insula- 
tion and in refractorv !xi& 

Silicon Carbide Powder SIC has been found occurring naturally only as 
small  green hexagonal plates in meteoric iron. This same hexagonal poly- 
morph (a-Sic) has been synthesized commercially in large quantities by the 
Acheson process. This fascinating process appears crude, but is cost ef- 
fective and simultaneously produces lower-made S ic  for abrasives and high- 

grade Sic  for electrical applications. The Acheson process consists essen- 
tially of mixing SiOz sand with coke in a large elongated mound and placing 
large carbon electrodes in opposite ends. An electric current i s  then passed 
between the electrodes, resistance-heating the coke in the mound to about 
2200'C. In this t emperahre  range the coke reacts exothermally with the 
SiO2 to produce Sic  plus CO gas. Once the reaction begins, enough heat is 
produced to keep the reaction b i n g  until it i s  completed in the interior of 

the mound. After cooling, the mound is  broken up and sorted. The core 
contains intergrown green hexagonal S ic  crystals which a r e  low in impuri- 
t ies and suitable for electmnic applications. Around the core is a zone of 
lower purity that i s  used for abrasives. The outer layer of the mound is  a 
mixture of S ic  and unreacted SiO2 and carbon which is  added to silica sand 
and coke for  the next batch. 

S ic  can be prepared from almost any source of silicon and carbon. For 
instance, it has been prepared in the laboratory from a mixture of silicon 
metal powder and sugar. It has also been prepared from rice hulls. It can 
ale0 be prepared from silicon tetrachloride (SiCl4) and some silanes. In 
this case, the cubic P-Sic polymorph normally forms. 

Sic  is used for high-temperature kiln furniture, electrical-resistance 
heating elements, grinding wheels and abrasives, wear-resistance applica- 
tions, incinerator lining, and is currently being evaluated for highly stressed 
components in heat engines. 

Silicon Nitride Powder Silicon nitride does not occur naturally. It has 
'been synthesized by several  different process. Most of the powder available 
~ommercia l ly  has been made by the reaction of silicon metal powder with 
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nitrogen a t  temperatures in the range 1250 to 1400'C and consists of a mix- 
ture of a-Si3N4 and p-Si3N4 polymorphs. This SigN4 is  not a ready-to-use 
powder when it i s  removed from the furnace. It i s  loosely bonded and must 
be crushed and sized first. The resulting powder is not of high purity, but 
contains impurities such as Fe ,  Ca, and Al, which were originally present 
in the silicon, plus impurities picked up during crushing and grinding. 

Higherpur i tv  SiqNa Powder has been made by reduction of SiOz with 
carbon in the appropriate nitrogen environment ahd reaction of Sicla o r  
6 with ammonia. Both of these methods produce very fii;e particle 
*powder that does not require further grinding for use. In fact, some 
of these powders a r e  s o  fine that they require coarsen in^ by heat treating 
(calcining) before they a r e  suitahle for shape-forming operations. 
-purity Si3N4 p w d e r  has recently been made in small  quantities 
by laser  reaction [ I ] .  A mixture of gaseoue silane (SiH4) and ammonia is  
exposed to the coherent light output of a C02 laser.  The silane has high 
absorption for  the wavelengths involved, resulting in the heat required for 
reaction. The resulting Si3N4 i s  in spherical particles of a uniform s ize  
for the given gas flow *and laser  power conditiorm. Particles typically in 
the range 200 to 1000 A can be produced. 

Raw Materials Selection Criteria 

The selection cr i ter ia  for  ceramic starting powders a r e  dependent on the 
properties required in the finished component. P u ~ ~ e  size-- 
bution, reactivity, and polymorphic form can -he final - I 

I 
a* thus must he considered from t h e s e t .  I 

Purity , P a s t r o n g l y  influences high-temperature properties such as 
! 

s w  and oxi a o as discussed in 

Chaps. 3 and 4. The effect of the i--!S&?!Zf 
of both the"matrix-imm~ - the distribution of the im- I 

Purity, and the service conditions o f _ t & - s p o E n J  (time, temperature, G1 ! 
.b s t r e s s ,  environment). F o r  instance, -decreasmthe c r e y  7 6 j ~  

resistance of Si N hot- essed with MgO as a densification ( s i n t e ~ ' , g i & ,  
-ffect on si3Nq hot pressed with Y& a s  the den-- 
siflcati [8,91. In the former case,  the Ca  is concentrated at  the gratn:' 
b o u n d a r y a n d  depresses the softening temperature of the grain boundary 'w4 
glass phase. In the lat ter  case, the Ca is apparently absorbed into solid 
sOlution.by the crystalline structure and does not significantly reduce the 
refractoriness of the system. 
4 Impurities present a s  inclusions do n$?$.aqprs~i@y @~C~.EEET~~S?S  
such as c r e o  o r  o@-dat&n, hut do act as flaws that.E@&EnCentr&&reS~ 
and decrease sompnen t  t e n u s t r e n m .  The effect on strength is depen- 

dent on the size of the inclusion compared to the grain s ize  of the ceramic 
and on the relative thermal expansion and elastic properties of the matrix 
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I rud inclusion. Tungsten carbide inclusions in Si3N4 have little effect on the 
strength; F e  and Si have a large effect. I 

I Particle Size rud Reactivity The effects of impui t ies  a r e  important for  
mechaoical properties, but may be even more imwrtant for electrical. I 
magnetic, and optical properties. Elec tdcal .  mametic, and o ~ t i c a l  p r o e  
@es a r e  us-lly tailored for a s p e u i c  ap~lication,  often h_y, 
closely controlled addi- 
r on I 

of the dopant 
and cause the device to operate improperly. , * 

Particle size distribution is important, depending on which consolidation 

&an. A single particle size does not produce good pacldng. Optimum 
pacldng for particles all the same size resulta in over 3% void space. 
Adding particles of a s ize  equivalent to the largest voids reduces the void 
content to 26%. Adding a third, still smaller  particle size can reduce the 
pore volume to 23%. %refore,- a 

glued to achiew 
IUr&nuEm, ~ u c l b l e  strent?lh. T h a r e n g t h  i s  gontrolled by flays in 
t h ! h .  A single partlcle which i s  sianiflcantlv lareer than the other 
particles in-the dis&ibuion can become the-critical haw that limits the 
strength of the final component. Similarly, a.large void resulting from a 
nonhomogeneous particle size distribution o r  from particles too close to 
the same s ize  may not be eliminated during sintering and may become the 
strength-llmiting flaw. 

Small uartic p a r n a r y  ohiec- 
. However, there a r e  many applications where streneth i s  not the ori- . .- - 
mary criterion. &fmapcd exam~le .  Most refractoriee 

lcles o r  high poroslty as ao important coGtuent - - 
Another important aspect of starting powder i s  reactivity. The primary 

d -densificati-&e at_hlumperature 
-- - - ~ 

p. Very small particles with high sur- 
face area have high surface free energy and thus have a strong thermody- 
namic drive to decrease their surface a rea  by bondinrc toeether. Verv - - .- s v m  o r  less,  s p  be com~acted igtpa 

temperature to near-theoretical dc-. 
Transparent polycrystalhe alumina for sodium vamr lam0 enveloocs la a ~. . ~ -  -. - 
good exampli. p t i a l  wres 

m Highly reactive starting powder z t h  an' 

average particle s ize  of about 0.3 pm i s  used as  the raw material. Another 
example is sintered S13N4. W p ~ d m a t e *  2 pm average 

article size onksinters to about 90W of theore txdens&yl  Submicron 
L w d e r  with a surface a rea  ro-whly greater than 10 m2jg sinkers to greater 
than 95% of theoretical density. 

Particle size distribution and reactivity a re  also important in deter- 
mining the temperature and the time a t  the temperature necessary to achieve 
sintering. Typically, ~ & t h e . g r e a t e r r ~ s ~ u r f a c e  am@, 
the lower a s  t h e w - a t m a t u r e  for densific@?n. 
This can have an important effect on strength. Long times at temperature 
result in increased grain growth and lower strength. To optimize strength, 

a powder that can be densified quickly with minimal grain growth i s  
desired. 

Polymorphic Form Many ceramics occur in different polymorphic forms, 
a s  discussed in Chap. 1. F o r Q s a p e l l c a t l n n s & m e r p h . i s ~ e d .  
For  instance, or-Si3N4 i s  superior to P-Si3N4 as a starting powder for hot 
pressing. A similar situation exists fo r  SIC. The stable form a t  high 
temperahre  is the hexagonal a-Sic polymorph. or-Sic starting powder can 
be densified by either hot pressing o r  pressureless sintering over a rela- 
tively broad temperature range wlthout problems associated with polymor- 
phic transformation. The Lower-temperature form, cubic P-Sic, can also 
be densifled, but in a much more limited temperature range. 
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Section 5.1 explained the importance of particle size distribution achiev- 

ing the optimum properties in the final component. Raw materials a re  not 
usually available with the optimum particle size distribution. The ceramic 
fabricator must further process the raw materials to the specifications. 
The following techniques a r e  used: 

Screening Hammer milling 
Air classification Precipitation 
Elutriation Freeze drying 
Ball milling Laser 
Attritior. milling Plasma 
Vibratory milling Calcining 
Fluid energy milling 

The following paragraphs describe briefly each of these approaches and 
discuss their limitations and how these limitations may alter the properties 
of the material. 



I Screening 

Screening is a positive m e t x o f  particle @izing..-The powder is poured - 
onto a single screen having the selected s ize  openings o r  on a ser ies  of 
screens, each subsequently with smaller openings. The particles a r e  sepa- 
rated into s ize  ranges; the particles larger than the screen openings remain 
on the screen and smaller particles pass thmugh until they reach a screen 
w t h  holes too small to pass through. 

Screen sizes a re  classified according to the number of openings per 
linear inch and a r e  referred to as  mesh sizes. A 16 mesh screen has 16 

, equally spaced openings per linear inch; a 325 mesh screen has 325. Table 
5.3 compares the mesh size of standard screens with the actual size of the 
openings. 

Raw and processed ceramic materials a re  often supplied according to 
screen size. For instance, a -325-mesh powder has all passed through a 
325-mesh screen and should contain no particles larger than 44 pm (0.0018 
in.). A powder designated -100 mesh +I50 mesh consists of a narrow par- 
ticle size range that was small enough to pass thmugh a 100-mesh screen 
but too large to pass through a 150-mesh screen. Powders containing a 
broad particle size range can also be classified according to screen size, 
for example: 

Size range Weight (%) 

-80 + 100 5 

Screening can be conducted dry o r  with the particles suspended in a 
slurry. Dry screening is used most frequently for larger particles and i s  
a fast and effective approach. I t  ia used in the mining industry and in many 

phases of the ceramic industry, especially in the sizing of abrasives. For  
free-flowing particles, d r  screenin own t o  
about 325 mesh. Ww-terul 
t o t o E  o r  clog the screen. Some automatic screen systems use 
airflow o r  vibration to aid in screening powders that have a significant por- 
tion of particles in the range 325 mesh o r  smaller. 
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Table 5.3 ASml Standard Screen Sizes 

Sieve opening 
"Mesh" sieve 
desienation mm in. 

Source: ASTM E l l ,  Annual Book of ASTM Stand- - 
ads ,  American Society for Testing and Materials, - 
Philadelphia, 1970. 

Suspending the particles in a dilute water o r  other liquid suspension 
(slurry) also aids in screening fine ~ a r t i c l e s .  Slurries can normally be 
screened easily thmugh at least 500 mesh as  long as the solids content in 
the slurry i s  low and fluidity i s  high. For  very fine powder, this i s  a use- 
ful method of assuring that no particles larger than an acceptable limit 
(determined by the screen size selected) a r e  left in the powder. Since iso- 
lated large partic&a.&g powder of fine p a g c l e .  sige di3@ut!onoften 
become .- the ~trength_~~~jtinp.flaw~in_th~ final c o m ~ n e n t ,  wet screenin& 
can& us@ as an in-process.quaW c a n t ~ ~ !  ate_~. 

Screening does have limitations. As with any process, it i s  accurate 

only as long as the equipment i s  properly maintained. Distorted o r  broken 
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screens pass larger particles than specified. scree& of 325 mesh and 
£her are frequently damaged because of the fraglle nature of the thin fila- 
ments required to construct the screen. The user tends to get impatient 
due to the slow feed rate of some powders and tr ies to force the powder 
through hy brushing o r  scraping the screen. ' Once the screen is  damaged, 
particle size control and !inowledge of the particle size distribution a re  lost. 

Another limitation of acreenlng is  related to the nature of the powder. 
If the powder tends to compact o r  agglomerate, groups of particles will act  
a s  a single particle and result in inaccurate screening. Similarly, packing 
o r  agglomeration can clog the screen and prevent further screening o r  de- 
crease efficiency. 

~ I Air Classification 

Air classification (also referred to as ai r  separation) i s  used to separate 
coarse and fine fractions of dry  ceramic powders. A schematic of an a i r  
classifier Is shown in Fig. 5.1. .Separation is achieved by control of'hori- 
zontal centrifugal force and vertical a i r  currents within the classifier. Par- 
ticles enter the equipment along the centerllne and a r e  centrifugally accel- 
erated outward. As the coarse particles move radially away from the center 
into,the separating zone, they lose velocity and settle into a collection cone. 
The finer particles a r e  carried upward and radially by the a i r  currents 
through selector blades. These selector blades impart an additional cen- 
trifugal force to theparticles and cause additional coarse particles to settle 
into the coarse collection cone. The flnes a r e  then carried by the airflow 
to a separate cone for collection. 

Air classifiers have been used to separate particles in the approximate 
range 40 to 400 mesh at  rates exceeding 400 tons/hr. They a r e  used exten- I I 

sively in  the cement industry for sizing fine particles to close size and s u r  
face area  specification (range -170 mesh). They a re  also used to remove 
undesirable fines in other ceramic industries where a coarse aggregate i s  
required. 

Special a i r  classifiers a re  available for isolating fine powders in the 
range below 20 pm. Separation can be done with reasonable accuracy do,wn 
to about 10 pm. However, below 10 pm, i t  is difficult to obtain a cut that 
is completely free of larger particles. For  instance, if a powder were 
desired with no particles larger than 5 um, i t  could not be guaranteed by i 
a i r  clasaiEcation. 

Air classification i s  frequently linked directly to milling, crushing, 
I 

grinding, o r  other comminution equipment in a closed circuit. Particles 
from the mill a re  discharged directly into the a i r  classifier. The fines a r e  
separated and the coarse is  returned to the mill for further grinding. One 
type of unit combines size reduction and classification into a single piece of 
equipment. The coarse powder particles a r e  carried by high-velocity a i r  
through two opposing nozzles. Where the two a i r  streams meet, particles 
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DISTRIBUTION SEPARATING 

CIRCULATION 

DISCHARGE 

Figure 5.1 Drawing of an air classifier, showing the paths of the coarse 
and fine particles. (Courtesy of the Sturtevant Mill Company, Boston, 
Mass.) 

strike each other and a r e  shattered into smaller particles. The a i r  carry- 
ing the particles flows vertically. Large particles pans through a centrifu- 
gal-type air c1,assifier at  the top of the unit, where additional controlled 
sizing is accomplished. 

Air classification has its advantages and limitations. It is an efficient 
and high-volume approach for separating coarse particles from fine par- 
ticles and oroducing controlled size ranges roughly from 40 to 400 mesh. ~-~~ ~ - 
However, i t  is limited in its efficiency and accuracy in producing controlled 
sizing of particles below 10 pm.. 

Another concern of the egg@ggri! E e L e E e  of c_on@.~g@u. 
Sliding motion and impact of the ceramiCp~r_ticl~s.~ai~t_~~prneot su% 
faces reqults in gome_ metallic contamina#on. The amount of contamina- 
Hnn i a  leas than for comminution equipment, hut may still cause a problem -- ---- . - ~ ~ - ~  - - . . 
for some aonlications. Therefore, the engineer should be aware of the a i r  .-. ~ . . 
classification process and its potential for affecting material application 
specification. 



5. POWDER PROCESSING 

During development, an engineer sometimes needs to have an experi- 
mental batch of powder air classified. This can be done on a contract basis 
with many of the equipment manufacturers a t  their R&D facilities. Again, 
though, i t  should be realized by the engineer that contamination can be 
picked up, especially since R&D equipment i s  used on a batch basis with a 
different material in each batch. Even with careful cleaning (which is not - .  - ~. ~ 

automatically done between batches), f o r e i y  particles will remain in the 
equipment. TB best ~ r o c e d u r e  i s  d l res is t  on careful cleaning, run a sac-. 

rificial batch of your wwder  prior &y?u_r study. batch, and aware that. 
contamination may occur that would got occur h f ? p = u e n .  - 

I Elutriation 

Elutriation i s  a general te rm that refers to particle s ize  separation based 
on settling rate; i.e., large o r  high-specific-gravity particles settle more 
rapidly from a suspension than do small o r  low-specific-gravity particles. 
Air classification i s  a form of elutriation where the suspending medium i s  
air. For  this book the term elutriation i s  used to describe ~ r t i c l e  $_icing 
-.from a l i q u i d _ s @ ~ a i o ~ .  

Elutriation is frequently used in the laboratory for obtaining very fine 
particle distributions free of large particles. The powder i s  mixed with 
water O r  other liquid and usually with a wetting agent and possibly a de- 
flocculant* to yield a dilute suspension. w n g  o r  m i x i e p p e d  and - 
s e t t l i s  ---- i s  .-- allowed k?oc_cuq forapr.+.egrm!n.eg time_. The time i s  based 
on the particle size cut desired. The fluid containing the fine particles is 
F e n  decanted o r  siphoned and the remaining fluid and residue discarded o r  
used for some other purpose. 

A major problem with elutriation i s  that the fines must be extracted 
from the fluid before they can be used. This can be done by evaporating 
the fluid o r  by filtration. Both tend to leave the fines compacted o r  crusted 
rather than aa a free-flowing powder, thus requiring additional process 
steps before the powder can be used. Also, .yniess the elutriation and &m 
removal a r e  conduckdin a closed svatern, chances fo--are 
&. 

Ball Milling 

The desired particle s ize  distribution usually cannot be achieved simply 
by screening, classifying, o r  elutriating the raw material. More typically, 
a particle s ize  reduction (comminution) step is required. Ball milling i s  

*The wetting agent and deflocculant help to break up agglomerates. 

i s  one of the most widely used. Ball milling consists of placing the par- 

ticles to be ground (the "chargen) in a closed cylindrical container with 
grinding media (balls, short cylinders o r  d s )  and rotating the cylinder 
horizontally on its axis so  that the media cascade. The ceramic particles 
move between the much larger media and between the media and the wall of 
the mili and a r e  effectively broken into successively smaller  particles. 

The rate of milling i s  determined by the relative size,  specific gravity, 
and hardness of the media and the particles. High-specific-gravity media 
can accomplish a specified size reduction much more quickly than can low- 
specific-gravity media. The following media a r e  commonly used and a re  
listed in descending order of specific gravity: WC, steel, Z d 2 ,  A1203, 
and 3 0 2 .  

Contamination i s  a ~ m b l e m  in m x n g .  Wh* the parti-cle s ize  i s  
decreasa,&emll_l walls and g~_d_ia_ar_e abLwe_Ging. Milling A1203 
powder with porcelain o r  SiOZ media can result in about 0.1% contamilla- 
tion per hour. Some SigNq powder milled in a porcelain-lined mill with 
porcelain cylinders picked up nearly G% contamination in 72 h r  of milling 
time. The contamir1ationin*~Sj~~,4~~es_ul.~d @! a decrease in the high- ,,,. 
temperahre  strength by a factor of 3 and nearly an order-of-magnitude 
de-iiiic?Zepreiis'tance i n t h e  fidal. part. .- ~ . .. .. . . .- - -- 

,/" 
Contamination can be controlled by careful selection of the mill ljning 

and the media. Polyurethane and various types of rubber a re  excellent 
wear-resistant linings and have been used successfully with dry milling 
and with water as a milling fluid. However; some milling is conducted 
with organic fluids that may attack rubber o r  polyurethane. Very hard 
grinding media can reduce contamination because they wear more slowly. 
WC i s  good for some cases because i ts  high hardness reduces wear and i ts  
high specific gravity minimizes milling time. If contamination from the 
media i s  an especially critical consideration, milling can be conducted with 
media made of the same composition a s  the powder being milled. Another 

approach is to mill with steel  media and remove the contamination by acid 
Leaching. 

Milling can be conducted either dry o r  wet. Dry milling has the advan- 
tage that the resulting powder does not have to be separated from a liquid. 
The major concern in dry  milling i s  that the powder does not pack in the 
corners of the mill and avoid milling. The powder must be kept f ree  flow- 

ing. One method of accomplishing this i s  to use a dry lubricant such as a 
etearate. In some cases, humidity o r  moisture in the powder causes pack- 
ing. This has been resolved through the use of a heated mill. 

Wet milling i s  usually very efficient if the correct ratio of fluid to pow- 
d e r  to milling media i s  used. The ratio varies for different materials and 
usually has to be optimized experimentally. A slur j of the consistency 
of syrup o r  slightly thicker mills effectively. 
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Figure 5.2 Particle size distribution of silicon powder as a function of 
milling time. ' (From Ref. 24.) 

Milling produces a broad particle size diatribution rather than a narrow 
particle size range as achiev0d.b~ screening. mill in^ can readily reduce 
t h e a ~  particle size to 5 pm o r  less. Figure 5.2 shows particle size 
distribution curves for silicon powder ball-milled for use in the fabrication 
of reaction-bonded Si3N.j parts. Initial particle size reduction was rapid 
but decreased as the powder became finer. 

B-hejwuiped particle size dIatrib ball milling 
c w o  produce -- - .- -r'that i s  eas-r 
-In snme cases, this i s  achieved by an active surface condi- 
ti&. In o z e r  cases i t  appears to be achieved by increased strain e n e r i  
in the particle. %u+* 

At this point, the nnn-ceramic englneer may wo&er whv be o r  she *"'e -. ~ 

needs to know the details about particle sizingmethods, site he o r  she 
will probably only be purchasing the final part and will not be involved in 
the material processing. This i s  probably true, but i t  i s  still the engineer's 
responsibility to ma!-%? sure  the part w o r k  in the particular application. 
Current e w e e i i n g  requirements of materials are often far more demand- 
ing Ulan they used to be and traditional controls and techniques used by 
ceramic manufaciurers may require upgrading. p e  englneer k n o a e  
aJ@cation requirements better than the supplier does m i . t h w & e - @  
extensive liaison withthm&c&lve. the materj&l&cfi~~. It is 
not unusual for an engineer to request o r  suggest a process change o r  modi- 
fication to the supplier. 

5.2 POWDER SIZING 

Attrition Milling 

Figure 5.3 shows a schematic of an attrition mill. It i s  similar to a ball 
mill since i t  i s  cyUndrical aod contains balls o r  grinding media, but rather 
than the cyllnder rotating, the balk! a re  agltated by a series of stirring 
arms mounted to an axlal shaft. Herbell et al. [lo1 and Claussen and Jahn 
[ I l l  report that attrition milling is  quicker than ball milling, i s  more effici- 
ent at  achieving fine particle size, and results in Less contamination. Fur- 
thermore, attrition milling can easily be conducted dry, wet, o r  with a 
vacuum o r  inert gas atmosphere. 

Data from Herbell et  al. [lo] for dry  attrition milling of silicon powder 
a re  summarized in Table 5.4. Although the attrition mill was b e d  with an 
iron-base alloy, no significant iron o r  carbon was picked up, even after 18 
hr  of milling. The oxygen content did increase by interaction with a i r ,  as 
would normally be expected for fine particles of silicon, as the surface area 
increased. 

Even though the average particle size was substantially reduced by dry  
attrition milling, snme partlclea in the range 40 pm (0.0018 in.) were st i l l  
praaent and ultimately controlled the strength of the final component. Evi- 
dently, some particles were trapped o r  packed in regions of the mill where 
they did not receive adequate milling. This did not occur for wet milling. 

CUTAWAY 

Figure 5.3 Schematic of an attrition mill. (Adapted from T. P. Herbell 
and T. K. Glasgow, NASA, presented at  the DOE Highway Vehicle Systems 
Contractors Coordination Meeting, Dearborn, Mich., Oct. 11-20, 1918.) 
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Table 5.4  Changes during Attrition Milling of Silicon Powder 

Milling Surface Iron Carbon 
time 

Oxygen 
a rea  content content content 

(hr) (m2/g) (wt %) (wt %) (wt %) 

0 3 .0  0.62 0.03 0.60 

1 11.5 0.59 0.04 2.29 

-: Ref. 10. 

Stanley e t  a l .  [I21 have described a different configuration of attrition 
mill that has been used primarily for wet milling. It consists of a rotating 
cylindrical cage of vertical bars surrounded by a stationary cylindrical cage 
of vertical bars. The material to be grad i s  mixed with water o r  other 
fluid plus sand-size grinding media. Materials such as ZrO2, A1203, and 
SiO2 have been ground to submicron size in a few hours, compared to 30 hr  
f o r  vibratory milling and much longer times for ball milling. The primary 
problem with this attrition milling approach i s  the amount of contamination 
and the difficulty of separating the powder from the media. For  example, 
in one case 20 to 3~7% of the media was ground to -325 mesh (<44 pm) and 
was not successfully separated from the 0.1-pm milled powder. 

Vibratory Milling 

Vibratory milling i s  substantially different from hall milling o r  attrition 
milling. The energy for comminution i s  supplied through vibration rather 
than tumbling o r  mechanical stirring. The powder i s  placed in the station- 
ary  chamber of the mill together with suitable grinding media and a liquid. 
When the mill is turned on, -(usually from the tot- 
.tom center of the mill) b. t 
This results in two types of movement. First ,  i t  cauaes a cascading o r  
mifing action of the contents of the milling chamber. Second, it causes 
local impact and shear fracbrring of the powder particles between adjacent 
grinding media. 

-ling is relatively fast and efficient and yields a finer pow- 
d e r  than i s  usually achieved by ball milling. The vibratory mill chamber 
i s  typically lined with polyurethane o r  rubber and minimizes contamination. 
Vibratory mills a r e  not used exclusively for powder processing. They a re  
used extensively for deburring and cleaning of metal parts. 

Fluid Energy Milling 

Fluid energy mills achieve v a r t i c 1 ~ -  
pact in a hi~h-y@Lo-. The fluid can be compressed a i r ,  nitro- 
gen, carbon dloxlde, superheated steam, water, o r  any other gas o r  Uquid 
compatible with the specific equipment design. The powder i s  added to the 
compressed fluid and accelerated to sonic or  near-sonic velocity through 
jets leading into the grinding chamber. The grinding chamber i s  d- 
to maximize -particle impact and&nimize particle-wall imoact. 

Fluid energy milling can achieve controlled particle sizing with mini- 
mum contamination. Most jet mills have no moving parts and can be easily 
lined with polyurethane, rubber, wear-resistant steel, and even ceramics. 
Examples of particle sizing capahillties a r e  shown In Table 5 .5  1141. Out- 
put capacity can range from a few grams per hour to thousands of kilograms 
per hour, depending on the size of the equipment. 
~d i ' co ect  

Large volumes of gases must be handled. Cyclones are  not efficient for 
micrometer-sized particles andf i l te rs  clog rapidly. 

Hammer 

~ a b k  5.5  Typical Grinding Data for Fluid Energy Milling 

Material feed Average particle 
Mill diameter ra te  s ize  obtained 

Grinding 

Material cm in. medium kg/hr lh/hr pm in. 

A12O3 20.3 8 Air 
6 . 8  15 3 0.00012 

TiO, 76.2 30 Steam 1020 2250 <1 <0.00004 - 
n o 2  106.7 42 Steam 1820 

4000 ~1 <0.00004 

MgO 20.3 8 Air 6.8  15 5 0.0002 

coa l  50.8 20 Air 450 1000 5-6 -0.00025 

Cryolite 76.2 30 Steam 450 1000 3 0.00012 

DDT 5 a  ~ 1 . 0  24 Air 820 1800 2-3 -0.0001 

Dolomite 91.4 36 Steam 1090 2400 4 4  <0.0018 

sulfur 61.0 24 Air 590 1300 3-4 4 . 0 0 0 1 4  

Fez03 76.2 30 Steam 450 1000 2-3 4 . 0 0 0 1  

Source: Ref. 14, courtesy of Sturtevant Mill Company, Boston, Mass. - 
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Hammer milling is  also an impact approach, hut the impact i s  applied by 
rapidly rotating blades, rather than particle-particle attrition. High levels 
of energy can be achieved, but particle sizing i s  difficult to control and con- 
tamination from the equipment is generally high. Hammer milling is  usu- 
ally used as an intermediate grinding step following rough crushing with a 
cone crusher o r  rolls and preceding ball milling, vibratory milling, o r  
other fine-particle sizing techniques. 

Precipitation I 
Precipitation of soluble salts followed by thermal decomposition to the 
oxide i s  a widely used method of both particle sizing and purifylug of oxide 
ceramics 1151. Analogous techniques in controlled atmospheres have also 
been used to produce nonoxide ceramic powders. 

The Bayer process for pmducing A1203 from bauxite relies on con- 
trolled precipitation. Tim aluminum hydroxide in bauxite i s  dissolved with 
caustic soda and separated from the nonsoluble impurities in the bau l t e  
by filtering. Aluminum trlhydrate is then precipitated by changing the pH, 
controlling the resulting particle size through addition of seed crystals. 
Table 5.6 lists the characteristics of commercially available A1203 pow- 
de r s  and illustrates the variations in particle size, surface area, and purity 
that can be achieved in the precipitation process 1161. The very fine reao- 
tive alumina powders first  became available in 1966 and have led to dramatic 
improvements in the properties of A l s g  components and an expansion in 
the number and range of applications. 

Freeze Drying 

Freeze d r y h g  (also lmown as cryochemical processing) la a relatively new 
process which was first  reported in 1968 by Schnettler et  al. (171. It has 
potential for producing uniform particle and crystallite sizing of very pure, 
homogeneow powder. 

There a r e  four steps in freeze drying: 

1. A mixture of soluble salts containing the desired ratio of metal ions 
is  dissolved in distilled water. 

2. The solution i s  formed into droplets usually 0.1 to 0.5 mm in diameter 
and rapidly frozen so that no compoaitional segregation can occur and 
so that the ice crystals that nucleate an, very small. 

3. The water i s  removed in vacuum by sublimation, with care  to avoid any 
liquid phase, thua preventing any chance for segregation. 

a 
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4. The resulting powder i s  then calcined (heat-treated) at a temperature 
that decomposes the crystallized salts and converts them to very fine 
crystallites of the desired oldde o r  compound. 

Most of the reported freeze drying has been conducted with sulfates. 
Each frozen droplet contains sheaths of sulfate crystals radiatlng from the 
center to the surface. During calcining, the oxide crystallites form in an 
oriented chainlike fashion along these radial sheaths. The size of the crys- 
tallites can be controlled by the time and temperature of calcinlng. John- 

son and Schnettler (181 reported that a 10-hr 1200°C heat treatment of freeze- 
dried aluminum sulfate resulted in A1203 crystallites averaging 1500 A and 
ranging from 600 to 2600 A. 

Not all  compositions can be achieved by freeze drying. The two primarx 
limitations a re  (1) the - nonavailahility of s o l u ~ l & c ~ n t a i n i n e  the required 
. h e m a n d  (2) the reaction of some salt combinatlo- 
tate. For instance, i t  has been difficult to find soluble salts  that will yield -- 
lead zirconate titanate. Similarly, a mixture of barium acetate plus ferrous 
sulfate results In precipitation of insoluble BaSOq. 

Rigterink 1191 described a laboratory apparatus and potential production 
approaches for freeze drying. The laboratory apparatus in quite simple 
and inexpensive and is adequate for making small hatches for material 
processing development. The apparatus consists of a beaker containing hex- 
ane which is  being mechanically stirred o r  swirled rapidly. The hexane 
container is surrounded by a bath of dry ice and acetone. The sa l t  solution 
is forced through a glass nozzle as uniform drops of the desired size into 
the swirling hexane. The drops freeze rapidly and settle to the bottom, 
where they can be removed later by sieve. 

Laser 

The use of laser energy for synthesizing Si3N4 powder was discussed earli- 
e r  in this chapter. It has also been used successfully to produce controlled 
particle sizes of silicon and SIC and appears to have potential for synthesizing 
oxides and other ceramic powders. 

Plasma 

Plasma spray techniques lor applylng coatlngs by depositing plasma-melted 
oartlcies on a surface a re  discussed in Chap. 7. P a l c l e  sizing can be 
achieved by spraylnpl the particles into an own svace o r  a quench medium, 
Any oxide o r  ceramic composition that melts wlthout decomposing can be 
handled by this approach. However, plasma spraying is  expensive and the 
resulting powder is  not optimum for most ceramic forming processes. 



Table 5.6 Range in Powder Characteristics Available for A1203 Pmduced by Precipitation Using the Bayer Process 

Average 
particle Surface 

Percent size a rea  Compaction Final 
Na2O Urn) (m2/g) ratio density 

Nonreactive, A-10 0.06 2- 5 0.2 -- -- 
high W i t y  C- 75 0.01 2.8 0.49 2.25 2.97" 

Nonreactive, A-12 0.24 -- 0.5 -- -- . - 
intermediate 

RC-24 
purity 

0.23 2.9 0.53 2.35C 3 . 5 0 ~  

C-73 0.2 -- 0.34 -- -- 

Nonreactive, A- 2 0.46 3.25 -- 2.21 3 . 2 ~ ~  
low purity 

RC-20 0.40 2.7 0.87 2.3lc 3.37b 
,. 

C-70 0.50 2.5 0.66 2.28 3 . 1 ~ ~  

RC-25 0.31 2.6 0.95 2.33C 3. 5zb 

XA-139 0.008 0.42 6.5 2.00 
Reactive, 

3 . 9 0 ~  

high purity ERC-HP 0.008 0.55 7.4 2 . 1 5 ~  3.95d 

0.6 6.5 -- -- 
A-16 0.06 

RC-172 0.04 0.6 4.0 2 . 2 1 ~  3. 94d 

A- 3 0.36 0.63 9.0 1.79 3.64b Reactive, 
LOW purity RC-23 0.30 0.6 7.5 1.91' 3.  86jb 

Reactlve, RC-152 0.05 1.5 2.6 2.30' 3.46b 

nonreactive -- -- -- -- 
A-15 0.07 

mixture 

aC,  Alcan; A, Alcoa: RC, Reynolds. 
b ~ o r  1620°C/1 hi- sintering. 
CZC-g pellet pressed a t  4000 psi, P h r  grind. 
d ~ o r  1510°C/2 h r  sintering. 
e io-g  pellet pressed a t  5000 psi, 4-hr grind. 
Source: Adapted from Ref. 16. - 
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Other powder synthesis o r  sizing approaches using plasma equipment 
technology do exist, but very little information has been published and the 
specific techniques evidently a re  proprietary. 

Calcining 

Calcining is widely used for preparation of precursor ceramic powders for 
later processing s t e w  and for achieving the It - consiafa e ! f  a hich-temperature heat -elecM- 

8-1 0-achieve a speci-. In 
one case, 'Aalcini -rate i to ~ e !  

the Bayer process. 
Calcining is  also used for dehydration. The preparation of plaster from 

gypsum i s  a good example. Heat treatment a t  the right temperature parti- 

ally dehydrates the gypsum (CaS04.2H20) to CaSO4.l/2H20. This hemi- 
hydrate is plaster of paris and will rehydrate to form gypsum when water i s  
added. Calcining at  too high a temperature removes all the water from the 
gypsum and produces an anhydrous powder that will not easily rehydrate. 

One of the moat common uses of calcining i s  for coarsening, i.e., in- 
creasing the particle size of a very fine powder which bas poor pacldng 
properties to a less-fine powder wlth improved packing properflea. Usually, 
the coarsening consists of loose bonding of adjacent particles to form ag- 
gregates which act  like larger particles during later processing steps, such 
as compaction. 

5.3 PRECONSOLIDATIOpJ_ 

The sized powders described in Sec. 5.2 a re  compacted into the desired 
shapes by techniques such as pressing, slip casting, and injection molding 
(discussed in Chap. 6) and then strongly bonded o r  densified (discussed In 
Chap. 7). To achieve a final component having uniform properties and no 
distortion requires a uniform particle compact. To achieve the required 
uniformity, the powder usually requires special treatments o r  processing 
prior to compaction. Table 5.7 summarizes some of these special precon- 
solidation considerations for several compaction o r  consolidation approaches. 

TkpreconsoUdaUpn stermare essential to m w z e  severe 
-r later WQCesSing steps. For instance, a powder 
that i s  not free flowing can result in poor powder distribution in the pressing 
die and dlstortion o r  density variation in the final part. Similarly, improper 
viscosity control of a casting slur@ can result in incomplete fill of the mold 
o r  a variety of other defects during slip casting. Inadequate deairing of 

~ ~ b l ~  5.7 preconsolidation Steps for Several Consolidation Approaches 
* 

Pressing Slip casting Injection molding 

Binder addition slurry preparation Thermoplastic addition 

~ u b r i c a n t  addition Binder addition 
Plasticizer addition 

Sintering aid ~eflocculant addition Wetting agent addition 
addition 

Preparation of a free- pH control Lubricant addition 

flowing powder by Viscosity control Sintering aid addition 
spray drying o r  
granulation Percent solids ~ e a l r i n g  

I 

control 

Deairing Granulation o r  pel- 
i 

letizing 
I 

! 
either a slurry or an injection molding mix can result in a strength-limiting 
void in the final s l i p c a s t  o r  Injection-molded part. Such fabrication flaws 
can reduce the strength of a material to a fractiotl of ita normal value. 

The following sections describe briefly some of the reasons and tech- 
niques of preconsolidation steps. Emphasis will be on preparation of a free- 
flowing wwder suitable for pressing. Preconaolidation considerations for 
slir, casting and injection molding a re  discussed in Chap. 6 as part of those 

p*ocessing steps. 

are required for different reaaons, depending On the specific 
forming process. However, several general comments a re  relevant to most -. 
forming approaches: 

1. Binders are added to provide s @ W a i n & -  
( ~ n f i ~ e d  compact) to permit handling, "gE&.m&ng, 0 ~ -  

operations pria.B densifloation. 
2. -- I,ubricants.&d$ to d e c r e a s _ e . p t i c L e - P ~ t ~ k . . & @ . ~ ~  

f r i c - m ~ g o n ,  
3. >ws are added to a c t i v a t e ~ & i Q n .  
4. -ants, plasticizers, wetting8e,&.the'mo~lastics~ 

g e d  to vield the rbeoloeical (flowl.~p~g~-~~e8%r~-.f0'-the~E 
shape-foP&~c~g.(discUssed in detail in Chap. 6). .--. -- 
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Table 5.8 Function of Additives to Ceramics 

Additive Function 

Binder Green strength 

1 Lubricant Mold release, interparticle sliding 

Plasticizer 

Deflocmlant 

Rheological aids, improving flexibility 
of binder films, allowing plastic de- 
formation of granules 

pH control, particle-surface charge con- 
trol, dispersion, o r  coagulation 

Wetting agent Reduction of surface tension 

Water r+tention agent Retain water during pressure application 

Antistatic agent Charge control 

Antifoam agent Prevent foam 

Foam stabilizer Strengthen desired foam 

Chelating o r  sequestering Deactivate undesirable ions 
agent 

1 
I Fungicide and bactericide Stabilize against degradation with aging 

1 Sintering aid Aid in densification 

m: Ref. 20. 

I Table 5.8 further summarizes the function of additives I201. 
A wide variety of binders a re  available, as shown by the partial listing 

in Table 5.9. Selection depends on a number of variables, including green 
strength needed, ease of machining, compatibility with the ceramic powder, 
and nature of the consolidation process. Gums, waxes, thermoplastic 
resins, and thermosetting resins are not soluble in water* and do not pro- 
vide a benefit for s l ip  casting, but a re  excellent for the warm mixing used 
to prepare a powder for injection molding. Organic binders can be burned 
off at low temperature and result in minimal contamination, whereas inor- 
ganic binders become a part of the composition. 

* ~ m u l s i o n s  can be used. 

Table 5.9 Examples of Binders Used in Ceramic 
Processing 

Organic Inorganic 

Polyvinyl alcohol (PVA) Clays 

waxes Bentonites 

Celluloses hlg-A1 silicates 

Dextrines Soluble silicates 

Thermoplastic resins Organic silicates 

Thermosetting resins Colloidal si l ica 

Chlorinated hydrocarbons Colloidal alumina 

Alginates 

Lignins 

Rubbers 

Aluminates 

Phosphates 

Bowphosphates 

Gums 

Starches 

Flours 

casein 

Gelatins 

Albumins 

Proteins 

Acrylics 

Spray Drying 

Spray drying is commonly used in ceramic processing to achieve a uniform, 
free-flowing powder 121-231. As shown in Fig. 5.4, a spray dr ier  consist8 
of a conical chamber that can either be heated o r  has an inlet for hot air. 
The powder to be spray-dried i s  suspended in a slurry with the appropriate 
additives. Slurry preparation i s  most frequently done in a ball mill. The 
slurry is fed into the top of the spray dr ier  through an atomizer and i s  
swirled around by the hot a i r  circulating in the conical spray dr ier  chamber. 
The water evaporates and the powder forms into rocnd, soft agglomerates. 
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Figure 5.4 Schematic of the spray-drying process for achieving free- 
flowing spherical powder agglomerates containing a uniform level of 
additives. 

These a r e  less than 1 mm in diameter and a r e  easily crushed during later 
pressing operations. Because all  the particles have a spherical shape, the 
powder flows almost like a liquid and provides very uniform die fill for . 
automated pressing. 

Granulation 

Granulation is  another approach to achieving better flow properties of a 
powder. In this case, a slurry is  not prepared. Instead, only a damp o r  

REFERENCES 175 

plastic mix is prepared, usually with equipment such a s  a mix muller, a 
sigma mixer, o r  any of a variety of other commercially available mixer 
designe. For laboratory-scale batches. this c x i g c a n  be accom~lished 

wJtb. The damp o r  plastic mater id  i s  
then forced through orifices of the desired size o r  screened. The resulting 
particle agglomerates a re  usually harder and more dense than spray-dried 
agglomerates and irregular in shape. They do not flow a s  readily, but do 
tend to pack to a lower volume. 

p e  maior ~ e e e p 9 g d e r . i s  v m~a&d& 
-.less volum&urine pressir?g, extrusion, o r  injection w. In 
some cases, powders a r e  precompacted a t ~ t o t o ~ k p / c m 2  (10,000 to 
15,000 psi) -to panulation to m u r e  dibsiy- 
p w d e r  in However, if this pressure i s  not equaled o r  
exceeded during the shape-forming process, the agglomerates will not be 
crushed o r  fused together and the finished part will retain the identity of the 
agglomerates. This will consist of inhomogeneity in the part  and for many 
applications will require that the part be rejected. 

5.4 POWDER PROCESSING SUMMARY 

Proper powder selection, sizing, and preconsolidation processing a r e  vital 
to achieving the final desired shape and properties. Contamination and non- 
uniformity during powder processing will be carried throughout the r e s t  of 
the processing and will usually lead to a deficient o r  rejectable component. 
This can only be avoided if quality control (QC) procedures a re  incorporated 
into each processing step. QC is  not only the responsibility of the ceramic 
manufacturer, but also of the engineer who must use the finished parts o r  
build them into a system. The interactions between QC and processing and 
the ways an engineer can be involved a r e  discussed in Chap. 9. It might be 
worthwhile to preread the early sections of Chap. 9 before continuing on to 
Chap. 6. 
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The properly sized and prewnsolidated powders a r e  now ready for  forming 
into the required shapes. Table 6.1 summarizes the major techniques for 
mnsolldatlon of powders and producing shapes. In this chapter we examine 
the major approaches in t e r n  of the process steps and wntrole involved, 
the types of strength-limiting flaws that may result, and the range of shapes 
that can be pmduced. 

I 6.1 PRESSING 

Pressing is  acwmplished by placing the powder (premixed with s u i t a A b  
b-indds and !$-*I and premnso* so that it i s  free flowing) into a -- 
die and applying pressure to achieve compaction. W i c a l  flow sheets for 
granulated and spray-dried powders a r e  shown in Fig. 6.1. The following 
sectlon describes some of the critical factors for individual steps in the 
processing and some of the common problems encountered. 

I Binder and Lubricant Selection 

I O ~ - ~ ~ ~ ~ ~ - ~ ~ m v i d ~ ~ . ~ m ~ ~ ~ ~ . ~ b ~ d ~ t ~ e . e ~  the.ceramic par- 
t ~ a r e r e o f t e ~ r ~ . f o r T T p ~ n g  These hinders provide lubrication 
during presslng and give the pressed part enough strength and toughness I that it cao be handled and even machined prlor to densificatlon. The amount 
of binder required is quite low, typically ranping from 0.5 to 5%. 

Binder selection is dependent on the type of pressing that will be con- 
ducted. Some bindera such as waxes and gums a r e  very s o n  and quite sen- 
sitive to temperature variations. These generally do not require moisture 
o r  lubricant additions prior to pressing, but must be handled more carefully 
to avoid changes in granule size lhat mlght alter flow characteristics into 
the pressing die o r  result in inhomogeneous densltv distribution. The soft ~ ~~~ 

binders also have a tendency to prodice flash between the die components, 
which can cause sticking o r  reduce the production rate. 
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Table 6.1 Major Techniques for Powder Consolldation and 
Shape Forming 

Pressing Plastic forming 

Uniaxlal pressing Extrusion 

Isostatic pressing Injection molding 

~ o t  pressinga Transfer molding 

Hot isostatic pressinga Compression molding 

casting 

Slip casting 

Others 

Tape forming 

Thixotmpic casting Flame spraya 

Soluble-mold casdng Green machining 

a These techniques combine consolidation and densiflcation in 
one step and a re  discussed in  Chap. 7. 

Other binders can be classifled as hard; i .e. ,  they pmduce granules 
that a re  hard o r  tough. These granules have the advantage that they a r e  
dimensionally stable and f ree  flowing and a re  therefore excellent for high- 
volume production with automated presses. However, these a r e  generally 
not self-lubricating and thus require small additions of lubricant and mois- 
ture prior to pressing. They also require higher pressure to assure uniform 
compacts. If the starting powder agglomerates a r e  not completely bmken 
down into a continuous compact during pressing, artifacts of the appmxi- 
mate size of the agglomerates will persist thmugh the remaining process 
steps and may act a s  large flaws, which will Umit the strength. 

Dextrine, starches, lignins, and acrylates pmduce relatively hard 
granules. Polyvinyl alcohol and methyl cellulose result in slightly softer 
granules. Waxes, wax emulsions, and gums pmduce s o n  granules. 

Binder selection must also be compatible with the chemistry of the 
ceramic m d  the purity requirements of the application. The binder must 
be removed prior to densification of the ceramIc. Organic binders can be 
removed by thermal decomposition. If reaction between the binder and the 
ceramic occurs below the binder decomposition temperature o r  if the 
ceramic densifies below this temperature, the final part will be contami- 
nated o r  may even be cracked o r  bloated. If the temperature is raised too 
rapidly, the hinder may char rather than decompose, leaving carbon. 

Lubricants a r e  used to aid in the redistribution of particles during 
pressing to obtain madmum packing, to improve powder flow into the die, 
and to minimize die sticldng. Paraffin oil is often blended with granulated 
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Figure 6.1 Typical flow sheets for fabrication by presaing. [Reprinted 
from Ceramic Fabrication Processes (W. D. Kingery, ed.), by permission 
of The MIT Press ,  Cambridge, Mass. O 1963, The MIT Press.] 
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o r  spray-dried powder prior to pressing. This i s  usually not required if 
waxes o r  wax emulsions are used a s  binders. Dry lubricants such a s  the 
stearates a re  also often used. 

Uniaxial Pressing 

Uniaxial pressing involves the compaction of powder into a rigid die by ap- 
plying pressure along a single axial direction thmugh a rigid punch, plunger, 
o r  piston. Thurnauer [I] and Whlttemore I21 provide introductory descrip- 
tions of the approaches and some of the critical considerations of uniaxial 
pressing, especially automated pressing. The following discussion is  de- 
rived largely from these twq references. 

Dry Pressing Most automated pressing i s  conducted with granulated o r  
snrav-dried oowder containine 0 to 4% moisture. This i s  referred to as ~. " 
dry, semidry, o r  dust pressing. Compaction occurs by crushing of the 
granules and mechanical redistribution of the particles into a closepacked 
array. The lubricant and hinder usually aid in this redistribution and the 
hinder provides cohesion. High pressures a r e  normally used for d ry  pressing 
to assure breakdown of the granules and unlform compaction. 

High production rates and close tolerances can be achieved with dry 
pressing. Millions of capacitor dielectrics approldmately 0.050 cm (0.020 
in.) thick a re  made to close tolerances and with tightly specified electrical 
properties. Millions of electrical substrates, packages (thin-wailed insula- 
tor "boxes" for isolating miniature electronic circuits), and other parts for 
a wide variety of applications are made by d ry  pressing. Dimensional tol- 
erances to i1& a re  normally achieved in routine applications, and closer 
tolerances have been achieved in special cases. 

Wet Pressing Wet pressing involves a feed powder containing 10 to 15% 
moishre  and i s  often used with clay-containing compositions. This feed 
powder deforms plastically during pressing and conforms to the contour of 
the die cavity. The pressed shape usually containsflash (thin sheets of 
material at edges where the material extruded between the die parts) and 
can deform after pressing if not handled carefully. For these reasons, wet 
pressing is  not well suited to automation. Also, dimensional tolerances 
a r e  usually only held to i2%. 

Tvpes of Presses  Most presses a re  either mechanical o r  hydraulic. 
Mechanical presses typically have a higher production rate. Figure 6.2  
shows schematically the pressing sequence of a typical single-stroke 
mechanical press. The punches preposition in the die body to form a cavity 
predetermined (based on the compaction ratio of the powder) to contain the 
correct  volume to achieve the required green dimensions after compactions. 
The feed shoe then moves into position and fills the cavity with free-flowing 
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powder containing suitable binders, moisture, and lubricant. The feed shoe 
retracts, smoothing the powder surface as i t  passes, and the upper punches 
move down to precompress the powder. The upper and lower punches then 
simultaneously compress the powder as they independently move to preset 
positions. The upper punches retract and the lower punches eject the com- 
pact from the die body. The feed shoe then moves into posjtion and pushes 
the compact away fmm the punches as the punches reset  to accept the cor- 
rec t  powder fill. This cycle repeata typically 6 to 100 times per minute, 
deoendine on the oress and the s h a ~ e  being fabricated. Presses  of this type - . . 
generally have a capacity from 1 to 20 tons, but some operate up to 100 tons. 

Aiother type of mechanical press i s  the rotary press. Numerous dies 
a r e  placed on a rotary table. The die punches pass over cams as the table 
rotates, resulting in a fill, compress, and eject cycle similar to the one 
described for a single-stroke press. Production rates in the range of 2000 
p a r b  per minute can be achieved with a rotary press. Pressure capability 
i s  in the range 1 to 100 tons. 

Another type of mechanical press i s  the toggle press. It L commonly 
used for pressing refractory brick and is capable of exerting pressure up 
to about 800 tons. The toggle press closes to a set mlume s o  that the final 
density i s  controlled largely by the characteristics of the feed. 

Hydraulic presses transmit pressure via a fluid against a piston. They 
a r e  usually operated to a se t  pressure, so that the size and characteristics 
of the pressed component a re  determined by the nature of the feed, the 
amount of die flll, and the pressure applied. Hydraulic presses can be very 
large. Whittemore 121 mentions presses that can exert 5000 tons of pres- 
sure. Hydraulic presses have a much lower cycle rate than mechanical 
presses. 

Uniaxial Pressing Problems The following a re  some of the problems that 
can be encountered wlth uniaxial pressing: 

The f i rs t  two a re  easy to detect by simple measurements on the green com- 
pact immediately after pressing. Improper density o r  size a re  often asso- 
ciated with off-specification powder batches and a re  therefore relatively 
easy to resolve. wear shows up a s  progressive change in dimensions. 
It should also be routinely handled by the process specification and quality 
control (see Chap. 9). However, ~ i n c e  not all fabrication operations have 
suitable quality control, off-dimension parts can be delivered, and i t  then 
becomes the responsibility of the engineer using the parts to track do- the 
source of the problem and make sure that the problem is  resolved. 
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The source of cracking may be more difficult to locate. It may be due 
to &-&?sign, a-t, rebound - . .- -.ejection from the 
i i e ,  die-wear, or other causes. Furthermore, c r a c h ~ m a y  not be readily 

~ .- 
visible-by routine inspection and may not even be detected by dye penetrant 
o r  x-ray radiography inspection. Their presence may not become known 
until the part fails in service. Again, the responsibility for locating a solu- 
tion to the problem falls in the hands of the engineer in charge of the use of 
the component. In this'case, the engineer must either work closely with the 
manufacturer to identify the source of cracking o r  must locate another 
source of the component. 

Perhaps t k m o s t  i,ypo:.ht~-fpblez-to b e . ~ ~ ~ e  ! n . , m ~ a x i a L ~ n g  .. 
iQ1nonuniform dens&. Density variation in the green compact causes war- 
page, distortion, o r  cracking during firing. One source of density variation 
i s  the friction between the powder and the die wall and between powder p a r  
ticles 13-51. As shown in Fig. 6.3, a uniaxial pressure applied from one 
end of a die full of powder will be dissipated by friction s o  that a substantial 
portion of the powder will experience much lower than the applied pressure. 
These areas will compact to a lower density than the areas exposed to higher 
pressure. The pressure difference increases as the length-to-diameter 
ratio increases. During firing, the lowerdensity areas will either not den- 
sify completely o r  will shrink more than surroundlng areas. Bath will r e  
sult in flaws that can cause rejection of the part. 

Use of suitable binders and lubricants can reduce both die wall and 
particle-particle friction and thus reduce density variation in the compact. 
Applying pressure from both ends of the die also helps. But perhaps the 
most fruitful approach is  to work with an experienced die designer who h o w s  
the limitations of shape mmpaction in terms of width-to-thickness variation, 
shapes and tolerances achievable, and other factors relevant to the specific 
configuration and application. 

Isostatic Pressing 

Isostatic pressing (also called hydrostatic pressing o r  molding) involves 
application of pressure equally to the powder from all sides. This substan- 
tially reduces the problems of nonuniformity due to die wall and powder 
friction and permits uniform mmpaction of larger volumes of powder, in- 
cluding shapes with a large length-to-diameter ratio. 

A schematic of an isostatic pressing apparatus i s  illustrated in Fig. 
6.4. It consists of a thick-walled steel pressure vessel with either a breach- 
lock o r  pressure-seal cover. The powder is  enclosed in a liquid-tight rub 
ber mold and immersed in the fluid in the pressure vessel. Glycerine, 
hydraulic oil, water (with a suitable ruat inhibitor), o r  other essentially 
nonmmpressihle fluid i s  used. The fluid i s  pressurized, transmitiing the 
pressure uniformly to all surfaces of the mold. The rubber deforms as the 
powder compacts, but springs back after the pressure releases and allows 
easy removal of the pressed part. 

6.1 PRESSING 

Figure 6.3 Pressure variations in uniaxial pressing due to die wall fric- 
tion and particle-particle friction, which lead to nonuniform density of the 
pressed compact. [Adapted from Ceramic Fabrication Processes (W. D. 
Kingery, ed.), by permission of The MIT Press ,  Cambridge, Mass. 8 
1963, The htIT Press .  1 
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BREACH-LOCK OR 

I Figure 6.4 Schematic of an isostatic pressing system.. 

I Laboratory Isostatic presses have been built with pressure cipabllitles 
raneine from 36 to 1980 MPa 16000 to 200.000 ~ 6 1 ) .  However, moduction 

I unit;, uiually operate at 207 M P ~  (30,000 &i) o r  lisa. 
A mabrcoicern in bostatic pressing is uniform fill of the mold. This I is usuallv achieved bv use of vibration olus be-flowinn s~rav-dried or - .  - 

granulakh powder. k c e  higher pressures are usually achieved by iso- 
static pressing than by rmiaxlal pressing and since these pressures are 
applied uniformly, a greater degree of compaction is achieved. This usu- 
ally resulta In improved denelflcatlon charactsristlcs during the subsequent 
sintering step of processing and a more uniform, defect-free component. 

The primary disadvantages of isostatic pressing are a limited produc- 
tion rate and difficulty In achieving close tolerances and good surface finish. 
Developments in the spark-plug insulator industry demonstrated that these 
limitatlone can be overcome. This was achieved by the use of a thick-walled 
single- or  multlcomposltlon rubber mold with controlled fluid passages for 
pressurization. The rubber material was fleldble enough to transmit pres- 
sure but ~t to deform irregularly. The mold could be filled, pressed, and 
emptied automatically at a rate of 1000 to 1500 cyoles per hour 161. 
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Applications of Pressing 

Uniaxlal pressing is widely used for compaction of small shapes, especially 
of insulating, dielectric, and magnetic ceramics for electrical devices. 
These include simple shapes, such as bushings, spacers, substrates, and 
capacitor dielectrics, and more complex shapes, such as  the bases or  
sockets for tubes, switches, and transistors. Untaxlal pressing is also 
used for the fabrication of tiles, bricks, grinding wheels, wear-resistant 
plates, crucibles, and an eldless variety of parts. 

Isostatic pressing, typically in conjunction with green machining (which 
is discussed briefly later in the chapter), is used for configurations that 
cannot be uniformly pressed uniaxially or  that require improved properties. 
Large components such as radomee, cone classifiers, and cathode-ray-tube 
envelopes have been fabricated by isostatic pressing. So also have bulky 
components for the paper industry. Small components with a large length- 
to-width ratio are also fabricated by isostatic pressing and machining. 

Figure 6.5 shows a variety of ceramic parts that have been fabricated 
by uniaxial and isostatic pressing. 

6.2 CASTING 

When most engineers hear the term "casting," they automatically think of 
metal casting where a shape is formed by pouring molten metal into a mold. 
A limited amount of casting of molten ceramics is done in the preparation 
of high-density A1203 and AlzO3-ZrO2 refiaotories and in preparation of 
some abrasive materials. In the latter case, casting from a melt into 
cooled metal plates produces rapid quenching, which r e d t a  in very fine 
crystal size that imparta high toughness to the material. 

More frequently, the c a s .  - 
t-- 
5 a _ p 3 r o u s c u l a t e  a m -  
a k t h e  mold. There are a number of variations to this pmcess, de- 
pending on the viscosity of the ceramicliquid suspension, the mold, and 
the procedures used. The most common is referred to as slip casting. 
The principle and contmls for slip casting are similar to those of the other 
particulate ceramic casting techniques. Slip casting is described in detail, 
followed by a brief description of less used techniques. 

Slip Casting 

Most commercial slip casting is conducted with ceramic particles sus- 
pended in water and cast into porous plaster molds. Figure 6.6 shows the 
critical process steps in slip casting and some of the process parameters 
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Figure 6.5 Ceramic parts formed by uniaxial and isostatic pressing, some 
with green machining. (Courtesy of Western Gold and Platinum Company, 
Belmont, Calif., Subsidiary of GTE Sylvania, Inc.) 

that must be carefully controlled to optimize strength o r  other critical / properties. 
I 

Raw Materials Selection of the starting powder i s  dependent on the require- 
ments of the application. Most applications require a fine powder, typically 
-325 mesh. Ag-a8 rguiri-trenpth-require even finer pow- 
ders  av a ' under 5 m ' io e La. Some 
Z&caQclic thermal 
shock, may require a bimodal particle size with some particles consider- 
ably larger than 325 mesh. 
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The chemical composition i s  frequently an important consideration in 
selecting the starting powders and additives. Impurities and second phases 
can have pronounced effects on Ngh-temperature properties. 

Powder Pmcessing As discussed in Chap. 5, powder as received from 
the supplier does not usually meet all the specifications for the shape- 
forming process o r  application and must be processed. 7 
C -.a.p&i@e d~~~ 
~ o p t 3 L d w U r i n g . W .  Often, 
partiole sizing i s  combined in one step with addition of binders, wetting 

Figure 6.6 Critical process steps in sl ip casting and some of the process 
parameters that must be carehdly controlled. 
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agents, deflocculanta, and densification aids and with slip prepara.tion. 
This is usually done by ball milling, but can also be done by vihratnry 
milling or  other process that provides wet milung. ARer milling, the slip 
is scfiened and perbaps pansed through a magnetic 8- -. Slight adbtment  might be required to achieve the 
d e s i d  vfacoslty and then the slip is ready for aging, desiring, or  casting. 

Sup Preparation To u n d e r s t d  slip preparation considerations one needs 
to underatand a Uttle about rheology. Rheology la the study of flow charac- 
teristics of matter, e.g., suspensions of solid partlcles in a liquid, and is 
described quantitatively in terms of vlacosity 'I. For low concentrations of 
splerical particles where no interaction occurs between either the particles 
or  the particles and the liquid, the Einstein relatloneMp applies: 

where 'I Is the viscosity of the suspension, '10 the vlacosity of the suspend- 
ing flutd, and V the volume fraction of solid partlcles. 'Ibis idealized rela- 
tionship implies that the resultlog viscosity is essentially controlled by the 
volume fraction of solid& In actual systema, the volume fraction does 
have a major effect, but so a k o  do particle size, particle surface charges, 
and particle shape. The following discussion on the nature of these effects 
is largely derived from Michael8 [TI. 

~ ~ 

-e trplcally re- 
bec o r given volume 

'fraction of s o w ,  the smaller the particle slze. the closer the Dartlcies . ~ ~ - - - ~ -  

will be to each other and the great& the chance'for interaction. Michaels 
used the following example assuming 40 ~ 1 %  spherical partlcles: 

Mean distance between 
Particle diameter particle ?faces 

(rm) (A) 
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Van der Waals forces of attraction at surfaces are generally strong 
enough to affect another surface wlthin a range of about 20 A. It is apparent 
from the example above that, even in a relatively dilute suapenslon, con- 
siderable particle-particle attraction can occur and that the effect will be 
increased as the mean particle size decreases or'the percent of submicmn 
partlcles increases.. This particle-particle attraction wlil increase t h k  
@cosltv hv incre -reuuln?d to move one particle past another, 

Particle shape is also important. Nonspherical particles, especially 
rods or plates, approach each other much more closely in a suspension than 
do spherical particles of an equivalent volume. This consideration is es- 
pec~iliy re1e;ant in of clay particles. CM was traditionaiIv 
added to a casting silp to provide controlled susrvnelon characterlstica. 
m y s  such as kaollnite are made up of thin hexagonal plate-shaped crystala. 
~ i c h a e l s  [TI used the foliowing example to i11usGate the shape effect: 

Edge length 
of plate 

luml 

Volume fraction of solid 
Thickness at which mean distance 
of plate between partlcif surfaces 

(uml is 20 A ' 

ibis can be compared to a mean spacing of 20 A with 0.01-fim-diameter 
spherical particles at a volume fraction of 40Ro in the previous example. 

For high-solid-content sus n o 
in  the^ s can 
-1~ spherical particles and result in 

In other cases, especially for very high s o l i d s ~ ~  
-i! 

Dispersion and flocculation (agglomeration) of ceramic particles in a 
fluid are strongly affected by the electrical potential at the particle surface, 
adsorbed ions, and the distribution of ions in the fluid adjacent to the par- 
ticle. Thus the chemical and electronic structure of the bolid, the pH of 
the fluid, and the presence of impurities are all critical considerations in 
the preparation of a slip for casting. KaoUnite clay has been studled exten- 
sively and is a good example. 
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At pH 6 o r  higher, where low concentrations of sodium or  lithium 
cations a r e  present, kaolinite is well dispersed in water. Under these 
conditions, each particle has a slight negative charge and the particles 
repel each other. However, if aluminum o r  iron salts  a re  present in low 
concentration molar), the net charge on each particle i s  decreased 
and flocculation occurs. On the other hand, if the pli i s  below 6 and a 
-10'~ molar concentration of aluminum o r  fer r ic  halides i s  present, the 
kaolinite will be dispersed. This i s  because the charge has been reversed 

, under these conditions and the particles again repel each other because they 
have adequate levels of like charge. A similar situation exists when the 
pH i s  below 2 and monovalent anions such aa chloride, nitrate, o r  acetate 
a r e  present. 

Low concentrations (0.005 to 0.3%) of certain organic and inorganic 
compounds have a s tmng dispersing effect on kaolinite suspensions. Some 
of these include sodium silicate, sodium hexametaphosphate (Calgon), sodi- 
urn oxalate, sodium citrate, and sodium carbonate. These tend to ion ex- 
change with ions such as calcium and aluminum, which prevent surface 
charge buildup and leave sodium, which allows a residual charge and causes 
repulsion between particles. Approldmately 0.1% addition of sodium sili- 
cate reduces the viscosity by a factor of about 1000 [el. 

Casting slips can also be formed with ceramics other than clays 191. 
Success in casting depends largely on the ability to disperse these nonclay 

, particles and achieve high solids concentrations. For  most oxides, disper- 
sion can be controlled by pH using the polar properties of water and the ion 
concentrations of acids o r  bases to achieve charged zones around the par- 
ticles so  that they repel each other. For  instance, an ~ 1 2 0 3  sl ip with a 
specific gravity of 2.8 g/cm3 had a vlscosity of 65 c P  a t  a pH of 4.5, but 
3000 c P  a t  a pH of 6 .5  1101. The sl ip a t  a pH of 4.5 was well dispersed and 
had good casting properties. It also was not extremely sensitive to changes 
in the solids content. Reducing the specific gravity to 2.6 g/cm3 resulted 

i n  only a factor of 2 decrease in viscosity. For  comparison, decreasing 
',the specific gravity Of the pH 6.5 sl ip to 2.6 g/cm3 resulted in a tenfold 
d e c e a s e  in viscositv. . - 

Proper disprrsion of the sl ip i s  perhaps the most important parameter 
in sl ip castln: . rurrants a more thorough discussion than some of the 
other paramt. 

The actual p:~ysical preparation of the sl ip can be done by a variety of 
techniques. Perhaps the most common i s  wet ball milling o r  mixing. The 
ingredients, including the powder, binders, wetting agents, sintering aids, 
and dispersing agents, a r e  added to the mil1 with the proper proportion of 
the selected casting liquid and milled to achieve thorough mixtng, wetting, 
and (usually) particle size reduction. The sl ip i s  then allowed to age until 
i ts  characteristics a r e  relatively constant. I t  is then ready for 8nal  vis- 
cosity checking (and adjustment, if necessary), dealring, and casting. 
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Mold Preparation The mold for sl ip casting must have controlled porosity 
so  that i t  can remove the fluid from the sl ip by capillary action. The mold 
must also be low in cost. The most common mold material i s  plaster t111. 

Plaster  molds a re  prepared by mixing water with plaster of parts pow- 
der,  pouring the mlx into a pattern mold, and allowing the plaster to set. 
This produces a smooth-surface mold duplicating the contours of the pattern. 
F o r  a complex shape, the mold is made in segments, each of which is sized 
so  that i t  can be removed after slip casting without damaging the delicate 
casting. 

Plaster  of paris (hemihydrate) i s  partially dehydrated gypsum: 

180°C 
CaS04.2H20 - H20.+ CaSO 4 .1/2H20 (6.2) 

Gypsum 1 Hemihydrate 

The reaction i s  reversible; addition of water to the hemihydrate results  in 
precipitation of very fine needle-shaped crystals of &sum which intertwine 
to form the plaster mold. The reaction i s  satisfied chemically by addition 
of 18% water, hut considerably more water is necessary to provide a mix- 
!xre with adequate fluidity for mold making. This extra water fills positions 
between the gypsum crystals during precipitation and results in very fine 
capillary porosity after the finished plaster mold has been dried. It i s  this 
porosity that draws the water out of the s l ip  during sl ip casting. The amount 

of porosity can be controlled by the amount of excess water added during 
fabrication of the plaster mold. For  normal sl ip casting, 70 to 80 Wt % 
water is used. 

The setting rate of plaster can be widely varied by impurities. 

Casting Once the mold has been fabricated and properly dried and an opti- 
mum slip has been prepared, casting can be conducted. Many options a r e  
available, depending on the wmplexity of the component and other factors: 

Simple casting into a one-piece mold 
Simple casting into a multipiece mold 
Drain casting 
Solid casting 
vacuum casting 
Centrifugal casting 
Casting with nonabsorblng pins o r  mandrels inserted into the mold 

Figure 6.7 illustrates schematically drain casting. The slip i s  poured 

into the mold and water i s  sucked out where the sl ip i s  in contact with the 
mold, leaving a close-packed deposition of particles growing into the s l ip  
from the mold walls. The sl ip i s  Left in the mold until the desired thickness 
i s  built up, a t  which time the remaining sl ip i s  drained from the mold. 
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la) FILL MOLD WITH SLIP lbl MOLD EXTRACTS LICIUID. FORMS 
COMPACT ALONG MOLD WALLS 

(c) EXESS SLlP DRAINED (dl CASTING REMOVE0 AFTER 
PARTIAL DRYING 

Figure 6.7 Schematic illustrating the drain-casting process. I 

Drain canting is the most common slip-caeting approach. It i sused for a r t  
casting (figurines), sinks and other sanitary ware, crucibles, and a variety 
of other pladucts. 

Solid castlng is identical to drain canting except that slip is continually 
added until a solid casting haa been achieved. 

Vacuum casting can be conducted either with the drain o r  solid approach. 
A vacuum is pulled arouod the outside of the mold. In some cases this 
either increases the canting rate o r  uniformity and improves the economics 
o r  quality. 

Centrifugal casting involves spinning the mold to apply greater-than- 
normal gravitational loads to make sure  that the slip completely fills the 
mold. This can be beneficial in the casting of some complex shapes. 

Considerable sharpness and complexity of detail can be designed into a 
slip-casting mold. The well-known Hummel figurines a r e  a good example. 
A more-engineering oriented example is illustrated in Fig. 6.8. It conaists 
of a onepiece  annular combustor of Sic fabricated by the Norton Company. 

Figure 6.8 Complex annular combustor of Sic for a g@ turbine engine 
fabricated by drain casting. (Courtesy of the Garrett n r b i n e  Engine Com- 
pany, Phoenix, Ariz., Divislon of The Garrett Corporation.) 



Constancy of properties 
viscosity 
Settling rate 
Freedom from a i r  bubbles 
Casting rate 
Drain properties 
Shrinkage 
Release properties 
Strength 

A multipiece mold was required with a segmented plaster outer wall, an 
inner plaster mandrel, a contoured plaster base block, and nonabsorbing 
pins (to form the holes). The comhustor shape to near-final tolerances was 
then achieved by drain casting. 

Casting Process Control A8 was illustrated in Fig. 6.6, careful process 
i s  necessary in the slip-casting process. St. Pierre  I101 lists the following 
a s  critical: 

A detailed working knowledge with suitable specifications and certification 
procedures of the relative needs of each of the cri teria listed a b v e  is  a 
requirement for the manufacturer for each component. An awareness of 
the defects and/or effects on properties a r e  desirable for the engineer in 
charge of the use of the component o r  its integration into a system. It usu- 
ally takes interaction between the user and manufacturer to resolve a quality 
problem. 

Constancy of properties refers to the repmducibility of the casting 
slip and its stability a s  a function of time. The slip must be easily repro- 
duced and preferably should not be overly sensitive to slight variations in 
solids content and chemical composition o r  to storage time. The viscosity 
must be low enough to allow complete fill of the mold, yet the solids content 
must be high enough to achieve a reasonable casting rate. Too-slow cast- 
ing can result in thickness and density variations due to settling. Too-rapid 
casting can result in tapered walls (for a drain casting), lack of thickness 
control, o r  blockage of narrow passages in the mold. 

The sl ip must be free of entrapped a i r  o r  chemical reactions that would 

However, it should be recognized that the coating may alter the casting 
rate. 

The strength of the casting must be adequate to permit removal from the 
mold, drying, and handling prior to the firing operation. Usually, a S tMl l  

amount (<I%) of hinder i s  included in the slip. Organic binders such as 
polyvinyl alcohol work well. With the binder present, strength comparable 
to o r  greater than blackboard chalk ia achieved. Such strength i s  adequate 
for handling and also for green machining if required. 

produce air bubbles during casting. Air bubbles present in the slip will be 
incorporated in the casting and may be critical defects in the final densified 
part. 

Once casting has been completed, the part begins to dry and shrink 
away from the mold. This shrinkage is necessary to achieve release of the 
part  from the mold. If the casting sticks to ths mold, i t  will usually be 
damaged during removal and rejected. Mold release can be aided by coat- 
ing the walls of the mold with a release agent such as a sllicone o r  olive oil. 

Soluble Mold Casting 

Soluble mold casting is  a new approach based on the much older technology 
of investment casting. It is also referred to as fugltive wax slip casting 
[12-141 and is accomplished in the following steps: 

1. A wax pattern of the desired configuration is  produced by injection- 
molding a watersoluble wax. 

2. The water-soluble wax pattern is  dipped in a non-watersoluble wax to 
form a thin layer over the pattern. 

3. The pattern wax is  dissolved in water, leaving the non-watersoluhle 
wax as an accurate mold of the shape. 

4. The wax mold is trimmed, attached to a plaster block, and filled with 
the appropriate casting slip. 

5. After the casting is  complete, the mold is removed by dissolving in a 
solvent. 

6. The cast  shape i s  dried, green machined as required, and densified a t  
high temperature. 

The application of the fugitive wax approach i s  illustrated in Fig. 6.9 
for the fabrication of a complex-shaped stator vane for a @s turbine engine. 
The injection molding tool on the right produces the water-soluble wax sta- 
tor vane pattern. The injection molding tool on the left produces the pattern 
for the reservoir which will hold the slip and guide i t  through gating chan- 
nels into the stator vane mold during casting. The reservoir and vane pat- 
terns a re  bonded together by simple wax welding and a r e  shown as the white 
wax assembly in the center of Fig. 6.9. Below this ia the mold pmduced 
by dipping and dissolving the pattern. Below the mold is  the green casting 
after dissolving the mold and trimming off any material remaining in the 
reservoir o r  gating area. 

Very complex shapes can be fabricated by the soluble mold technique. 
Figure 6.10 shows integral gas turbine stators made by this approach. 
Individual vanes were injectionmolded and then welded together to form a 
pattern such as the one in the upper right of Fig. 6.10a. This was then 
dipped as a unit to form a one-piece mold. 



198 6. SHAPE-FORMING PROCESSES 

Figure 6.9 Tooling, patterns, mold, and cast part illustrating the fugitive 
wax s l ipcas t ing process as applied to the fabrication of a gas turbine stator 
vane. (Courtesy of AiResearch Casting Company, Torrance, Calif., Di- 
vision of The Garrett Corporation.) 

6.3 PLASTIC FORMING 

Plastic forming inwlves producing a shape from a mixture of powder and 
additives that i s  deformable under pressure. Such a mixiure can be obtained 
in systems containing clay minerals by addition of water and small amounts 
of a deflocculant, a wetting agent, and a lubricant. In systems not contain- 
ing clay, such as pure oxldes and carbides and nitrides, an organic material 
i s  added in place of water o r  mixed with water to provide the plasticity. 
About 25 to 50 w l  % organic additive i s  required to achieve adequate plas- 
ticity for forming. Heat normally must be supplied aimultanmusly to 
pressure. 

A major difficulty in the plastic-forming processes i s  removing the 
organic material prior to Bring. In the case  of a water-clay system, 

(b) 

Figure 6.10 Slip casting of an integral gas turbine stator using the fugitive 
wax process. (a) The water-soluble pattern and the resulting mold inter- 
faced with a plaster block. (b) As-cast stators prior to trimming o r  
machining. (Courtesy AiResearch Casting Company, Torrance, Calif., 
Division of The Garrett Corporation.) 
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substantial shrinkage occurs during drying, increasing the risk of shrinkage 
cracks. In the case of organic additives, the major problems a re  achieving 
high enough green density and extraction of the organic. Too rapid extrac- 
tion causes cracking, bloating, o r  distortion. Inadequate removal results 
in cracking, bloating, o r  contamination during the later high-temperature 
densiflcatlon process. 

plastic processes a re  used extensively in the fabrication of traditional 
ceramics such as pottery and dinnerware. The compositions contain clay 
and have been made workable by addition of water. Hand forming and jig- 
gering a re  common fabrication techniques. These operations will not be 
discussed in this text. Inatead, the emphasis will be on either standard 
techniques applied to demanding shapes o r  on emerging techniques applicable 
to modern ceramic applications. Most of the discussion will be on injection 
molding and exhuaion. 

1 Injection Molding 

Injection molding is  a low-cost, high-volume production technique for mak- 
ing net-shape o r  nearnet-shape parts. A feed material consisting of o r  
containing a thermoplastic polymer o r  a thermosetting polymer i s  preheated 
in the "barreln of the injection molding machine to a temperature at which 
the polymer has a low-enough viscosity to allow flow if pressure i s  apphed. 
A ram o r  plunger i s  pressed against the heated material in the barrel  by 
either a hydraulic, pneumatic, o r  screw mechanism. The viscous material 
i s  forced through an orifice into a narrow passageway which leads to the 
shaped tool cavity. This helps compact the feed material and remove 
porosity. At the end of the passageway, the strand of viscous material 
passes through another orifice called t h e m  and into the tool cavity. 
The strand then piles upon itself until the cavity i s  full and the material has 
" h i t "  o r  fuaed together under the pressure and temperature to produce a 
homogeneous part. 

Injection molding i s  used extensively in the plastics industry to make 
everything from garbage cans to ice cube trays to surprisingly complex 
constructible toys such as model boats and airplanes. Ceramic parts 
are made with the same injection molding equipment, but with dies made of 
harder, more wear-resistant metal alloys. 'Ihe ceramic powder is essen- 
tially added to the plastic as a filler. After injection molding the plastic i s  
then removed by careful thermal treatments. 

Injection mold in^: Parameters Very little has been published on the param- 
eters for injection molding of ceramics. Figure 6.11 lists the general 

1 steps in injection molding and some of the controls and inspection procedures 
that must be considered. 

Particle size distribution is important in injection molding to achieve 
the densest packlng and to minimize the amount of organic material. Both 
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particle packing and sizing affect viscosity. Farr is  I151 reports that via- 
cosity starta increasing rapidly at  about 55 ~ 1 %  solids for a unimodal sus- 
pension of spheres, but that the solids loading can be increased to over 10% 
before the viscosity starta increasing rapidly for a bimodal distribution 
containing about 2% fine spheres. By using a graduated particle size dis- 
tribution, Mangels I161 has successfully injection molded complex shapes 
of silicon powder having 16.5 vol % solids. His testa were conducted on a 
plungertype injection machine at  a cylinder pressure of 13.8 MPa (2000 
psi) and a temperature 10DC above the melting temperature of the organic 
hinder. 

Whalen e t  al. 1111 report injection molding of SIC with a solids content 
of 52 ~ 1 %  using a thermosefflng resin. They preheated a dry  hall milled 
mixture of ths ceramic and organic powder in the barrel  of a plungertype 
injection molder at  116°C 1241'F) for 1 min and then injected the mixture 
into a mold preheated to 155'C (310°F). 

Injection molding can also be conducted using a thermoplastic resin. 
In this case, though, the mold must be cooler than the temperature of the 
preheated material. 

Injection Molding Defects A variety of defects can occur during the injec- 
tion molding operation. Table 6.2 summarizes some of these defects and 
the likely causes. 

An incomplete part i s  usually easy to detect visually and can be rejec- 
ted immediately after injection molding. Large pores intersecting the s u r  
face a r e  also easy to detect'and reject. Internal pores require nondestructive 
inspection (NDI) techniques such as radiography o r  ultrasonics (described 
in Chap. 9). However, the capabilities of these NDI techniques a r e  currently 
limited and some pores may not be detected until they cause fa lu re  of the 
component. Sometimes proof testing (also described in Chap. 9) can be 
successfully used to reject these defective parts. 

Knit lines a r e  areas  where the injected material does not properly fuse 
together. They represent a discontinuity o r  a weak reglon in the.part. 
lhey usually have a laminar o r  folded appearance. Some can be severe 
and a r e  easily visible if they intersect the outer surface of the part. Others 
a r e  very subtle and difficult to detect, even with NDI techniques. 

Cracks, Like knit lines, can be present in a wide range of severity and 
visibility. The more severe cases are easy to see  visually and can be 
rejected. Others can be detected by dye penetrant inspection o r  by inspec- 
tion at low rnagniflcatlon (up to about 40x) of critical areas. 

The application engineer usually does not get involved with defect detec- 
tion until a part o r  ser ies  of par- have failed in service. It i s  then vital 
that he determine the source of failure as soon as possible and develop a 
solution. Chapter 12 describes powerful techniques for detecting the cause 
of a failure. 

6.3 PLASTIC FORMING 

Table 6.2 Injection Molding Defects and Causes 

Description of 
defect 

Incomplete part Improper feed material, poor tool design, im- 
proper material and/or tool temperature, 
inadequate tool lubrication 

Large pores Entrapped air ,  improper material flow and con- 
solidation during injection, agglomerates, o r  
large pocket8 of the organic due to incomplete 
mMng 

Knit lines Improper tool design o r  feed material, incorrect 
temperatures 

Cracks Sticldng during removal from tool, improper 
tool design, improper extraction of the organic 

Injection Molding of Complex Shaws Injection molding is  currently being 
developed for net-shape forming of complex aerodynamic rotating and sta- 
tionary components for prototype gas turbine engines. Figure 6.12 shows 
a simple injection molding tool for fabricating individual stator vanes [141. 
Two strength test  hars a re  injected with each stator vane and accompany 
that vane throueh subsecluent ~rocess ing.  The strength and microstructure - - - 
of these hars can then be used for certification purposes to assure the manu- 
facturer and customer that the material meets the required property speci- 
flcation. The other two tabs of material shown in Fig. 6.12 a r e  overflow 
material. They contain any debris that may have inadvertently been in the 
tool passages and any exoess lubricant. 

Figure 6.13 shows larger, more mmplex prototype gas turbine parts. 
These were fabricated by the Ford Motor Company [11,181. The top parts 
a r e  integral stators made of reaction-bonded Si3N4, and the bottom part8 
a r e  mtor  blade ring8 also made of reaction-bonded SigNq. 

Compression Molding 

compression molding, transfer molding, and warm molding a r e  all plastic 
fabrication processes similar to injection molding. In each case, the ceramic 
powder is in an organic carr ier  and is  forced into a shaped tool under pres- 
sure and temperahre.  Compression molding also has similarities to press- 
ing, except that a slug of material rather than a free-flowing powder is used 
for feed. The shape is built into the platens of the press o r  the faces of the 
tool and the mix plastically deforms under pressure to fill the cavity. 
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of so extruder irr shown in Ng. 6.14. A plaatic mix of the ceramic powder 
and clay or  organic additives is placed in an evacuated cylhder, where it is 
worked o r  headed to remove air and to achieve uniform consistency. The 
mix is then typically carried by an auger and forced thmugh a die. As the 
shaped plastic mix exlta from the extruder, i t  is supported on a suitable flat 
or shaped surface to prevent distortion and is cut to the required lengths. 

Exhysion of compositions containing clay and made plastic by water 
addition is well developed and has been in common practice for many years. 
Exh~usion of nonclay compositions is less developed and usually requires 
experimental optimization of each new system. Table 6.3 summarizes 
examples of extrusion conditions identified by Yyde I191 for several ma- 
terialfJ. 

Very complex cross sections have been extruded. One of the most 
remarlcable is the thin-walled ceuular structure shown in Fig. 6.15 fabri- 
cated by NGK in Japan. Such honeycomb structures have been fabricated 
of low-thermal-ewaneion materials such as lithium aluminum silicate and 
code r i t e  (magnesium aluminum silicate) and a m  being used for heat e x  
changer and catalyst substrate applications. 

6.4 OTHER FORMING PROCESSES 

Methods for forming compacted shapes of ceramic powders are limited only 
by the imagination of the engineer. This is especially true for modifications 
to current techniques to achieve improved properties, decreased rejectiom, 
and decreased cost. It is also true for the development of advanced com- 
posites. It would be interesting to speculate on some of the possibilities, 
but is not withtn the scope of this taxt. Discussion in this section will be 
limited to two important established approaches, tape forming and green 
machinlug. 

Tape Forming 

Some applications such as electrical substrates and plate-fin heat exchangers 
and elmaust emission control devices require thin s f l p s  or  structures of 
ceramics. Tape forming has been developed as an effective meam of meet- 
ing these needs. 

Figure 6.16 illustrates schematically methods of forming a thin sheet 
or  thin-walled ceramic structure by tape forming. 

The doctorblade process (201 is well established for fabrication of elec- 
tronic ceramics for capacitors, for elecflcally insulating substrates for 
thick-film and thin-film circuitry, for ferrite memories, and for catalyst 
substrates. It consists of casting a slurry onto a moving carrier surface 
(usually a thin film of cellulose acetate, Teflon, Mylar, or  cellophane) and 



Table 6.3 Examples of ~ x t k i o n  of Nonclay Compositions 

Composition Additives Conditions shape 

Graphite 50-60 parts phenol -- 5/& and 1-in. rcds 
formaldehyde emulsion 

Petroleum 
coke 

Coal-tar pitch plus 
heavy oil 

Gum ghatti plus mogul 
starch 

30% si-70% s i c  4% guar gum, 20% water, 
3% silicone 

10-18% mogul starch,  
15-18% water-glyceryl 
mixbrre 

Round, square, and trim- 
gular tubes 

Rcds, tubes, thin-walled 
multicell tubes 

MgO 30-4% flour paate -- Vacuum-tube parts 

Source: Ref. 19. Reprinted fmm C. Hyde, in Ceramic Fabrication Processes (W. D. Kingery, ed.), by permission of 
The MIT Press,  Cambridge, Mass. @ 1963, The MIT Press .  
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The paper-casting process i s  similar to the doctor-blade process. A 
controlled thickness of slurry is deposited on a moving carr ier .  In this 
case the carr ier  i s  a low-ash paper that can be burned off in a later process 
stepr The paper-casting process has been used in the m a n u f a c k e  of cata- 
lyst substrates and rotary regenerator heat exchangers [221. 

F e  roll process produces a tape by mechanically reducing the thick- 
ness of a ceramic powder/organic polymer mixture. It i s  also used for 
fabrication of catalyst substrates and rotary regenerator heat exchangers. 

(a) OOCTOR-BLADE PROCESS 
WARM 

SLURRY 
DOCTOR 

'OURCE b, ,/ BLADE 

SUPPORT 
CARRIER STRUCTURE 

FILM 

lbl PAPER-CASTING PROCESS 

PAPER DRIER 

Icl ROLL PROCESS 

CERAMIC POWDER 
ORGANICCARRIER 

COOL AIR 
SOURCE 

r-. 
TAKE-UP "?)I 

ROLLS REEL 

Figure 6.16 Schematics of tape-forming processes. (Adapted from 
Ref. 22.) 
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Table 6.4 Additives to A1203 for the Western Electric 
Company EnC-105 Doc to~Blade  Process 

Material Function 
- 

ntgo Grain-growth inhibitor 

Menhaden fish oil Deflocculant 

Trichlomethylene Solvent 

Ethyl alcohol Solvent 

Polyvinyl butyral Binder 

Polyethylene glycol Plasticizer 

Octylphthalate Plasticizer 

Source: Ref. 21. 

Figure 6.17 illustrates how a rotary heat exchanger i s  fabricated by the 
paper-casting and roll-forming processes [221. 

Green Machining 

Green machining refers to machining of a ceramic part prior to final densi- 
fication while the material consists of compacted, loosely landed powder. 
Such material i s  much softer than the ceramic in i ts  final densified condition 
and can be machined much more economically since diamond tooling i s  not 
required. However, the material is relatively fragile, and great care  i s  
necessary in the design and fabricanon of the tooling and fixturing s o  that 
the parts can be accurately and uniformly held during the various shaping 
operations. In addition, the machining parameters must be carefully con- 
trolled to avoid overstressing the fragile material and producing chips, 
cracks, breakage, o r  poor surface. 

Holding of the compact for machining i s  typically accomplished with a 
combination of bee's wax and precision metal fixtures. The part must be 
held rigidly, but with no distortion o r  s t ress  concentration. Metal fixturing 
should normally be located either on the outer diameter o r  the face of the 
part. This i s  to avoid expansion of the metal fixture into the ceramic, 
causing breakage when heat i s  applied to soften the wax during removal of 
the machined part from the fixture. If there is no way to locate the part  
except on the inside diameter, special care must be taken to heat the 
ceramic rapidly while keeping the metal cool. 
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Once a ceramic part has been secured rigidly in a fixture, machining 
can be conducted by a variety of methods-turning, milling, drilling, form 
wheel grinding, and profile grinding. Machining can be either dry o r  wet. 
In either case, the compact i s  abrasive and results in tool wear. A wear 
land on the cutting edge as little as 0.005 in. wide will result in a buildup 
of the cutting pressure and damage to the ceramic. 

It is possible to machine compacts with high-speed steel o r  cemented 
carbide cutting tools, but this is not recommended for all components o r  al l  
green materials. In some cases, the tool dulls so rapidly that extreme 
care  is  necessary to avoid damage to the workpiece. Figure 6.18 sum- 
marizes a study 1231 of other cutting tool materials using a 5' positive rake 
and 10" clearance angle. The GE compact diamond cost about 10 times as 
much as the tungsten carbide, but resulted in a significant cost saving in 
terms of increased life, less time changing inserts, and reduced risk of 
damage to the workpiece from a dull tool. The study was conducted with 
singlepoint hrning on an engine lathe. Milling with a two-flute end mill 
a t  200 surface feet per minute (sfm) with GE compact diamond inserts 
showed the same life characteristics. 

Green machining can also he conducted with grinding wheels containing 
multiple abrasive particles bonded in a resin o r  metal matrix. Higher 

Co-BONDED WC 1 TiXDATEDCARBIDE 1 'I 1 :::: 1 " 1 " , 1 
CUBIC BN (FJORAZONI 0.02 2400 

GE COMPACT 300 0.04 1.296.WO 12.0 
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Figure 6.18 Tool wear for different tool insert materials for green ma- 
chining of a presintered silicon compact in the fabrication of reaction- 
bonded Si3N4. (From Ref. 23.) 

surface speed, broader contact, and decreased depth of cut a re  character- 
istic of this technique, resulting usually in a better surface and less chance 
of damage. Excellent tool life can be achieved, especially if diamond abra- 
sive is  used. Furthermore, coarse abrasive can be used for roughing 
passes and fine abrasive for finishing. Formed wheels can also he used to 
produce a controlled and reproducible contour. 
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Densification 

In Chaps. 5 and 6 we discussed the cri teria and techniques for selecting 
and processing ceramic powders and for forming these powders into shaped 
particulate compacts. In this chapter we explore the processes for densi- 
fying these particulate compacts into strong, useful ceramic components. 

7.1 THEORY OF SINTERING 

The densification of a  articulate ceramic compact i s 3 h n i E a l l y  referred 

- 
with-growth together and stmngbond-Wnt particles. The 
following cri teria rrmsLhmet!xfore sintering can occur: - --- 
d. m h i l n i s m  for mnterial rra-must bc vresmt.  
g -of anerm to a c t i v a t e ~ u s t a l n  this matsxial t r a n s s o w  

be present. 

The primary mechanisms f and vis- 
H e a t L ~ t h e  prLmary..- with energy gradients 
due to particle-par.ticle.contact aod.surface tension. 

Although ceramic materials have been used and densified for centuries, 
scientific understanding and control of sintering has only developed during 
the past 40 to 50 years. Early controlled experiments were conducted by 
Muller in 1935 [I]. He sintered compacts of NaCl powder for a variety of 
times at  several temperatures and evalukted the degree of sintering by 
measuring tbe fracture strength. 

Much progress in our understanding of densification has been achieved 
since 1935. Now sintering is  studied by plottlng density or shrinkage data 
a s  a -and by actual examination of the  microstructure a t  
v ~ & ~ s t a g e s ~ a M e r i n p . u s i n g  scanning eledtron microscopy, transmis- 
sion electron m i c m s c o p ~ ~  and lattice imaging) 



a-variety of m e c $ n ~ s ~ ~ m m m a r i z e d . i n  
Each mechanism can work alone o r  in combination with other 

. -- - -- -- - 

Vapor-Phase Sintering 

I .  DENSIFICATION 

. 
much lower vapor-pressure. The smaller the particles, the greater the 
positive radius of curvature and the greater the driving force for vapor- 

\ phase transport. Table 7.2 shows how large an effect particle size o r  sur- 
face curvature canhave on pressure across the curved surface and on rela- 

- h i v e  vapor pressure 121. 
-1 ~ a p p -  

n porosity. However, it does not. 
r_esultin.ahf-ot produce densificatiop. ILmuaLhemrn: 
panmy-ameckan i sma .  thatthatprp~ideebulk.mate~iaL-tm8pete~tcana- 
port of pores to external surface& 

7.1 THEORY OF SINTERING 

/--. . 
, '- able 7.1 Sintering Mechanisms 

Type of Material transport 
sh ter ing mechanism Driving energy 

Evaporation-condensation Differences in vapor 
pressure 

lid state Diffusion Differences in free energy 
o r  chemical potential 

./' Liquid phase Viscous flow, diffusion Capillary pressure, sur- 
face tension 

Reactive Liquid Viscous flow, solution- Capillary pressure, aur- . 
precipitation face tension 

Source: Adapted fmm Ref. 2. 

NECK FORMATION 
BY VAPOR PHASE 
MATERIAL TRANSPORT 

COMPLETION OF VAPOR 
PHASE TRANSPORT: PARTICLES 
BONDED. PORE SHAPE CHANGED. 
NO SHRINKAGE 

Figure 7.1 Schematic of vapor-phase material transport. 

Solid-State Sintering 

Sol id-s ta tes~nter in~ involves material transport by dlffusinn. Diffusion -- -. 
can-consigt of mov~~ent.ofatoms.pP~yac~c~e8T;ilong a. surface o r  e r a  
boundary o r  thmugh the vplume .~ of the .-. material. . Surface diffusion, like 
vaporphase transport, does not result in shrinkage.. ~olum~~iffufueion,  
whether along grain boundaries o r  through lattice.djs!oca~~o~s~doea result - .- 
in shrinkage, a s  illustrated in Fig. 7.2. 
' The driving force fof !ox-statesiateringisqifference in f ree  

--. ---- 
energy o r  chemLcaL&t&ialial4_etween.the f ree  surfaces.of .=<@Lea and the 
poGts -. of contact - hetween qdja_ce_g paarf!c&. Mathematical m o d e l f i E  
been derived which compare favorably with experimental data 
the rate of sintering. For  instance, Kingery et al. deriv&Fr$&g 
equat iohor  the mechanism of tf-sprtof ~ r i ~ a ! b - L a t t i c e A i U k s k m  from 
the line of contact between two particles to the neck region: 

-. 



Table 7.2 Effect of Particle Size o r  Surface C u r v a b e  on the 
Pressure Difference and Relative Vapor Pressure 
across a Curved Surface 

Relative 
Surface Pressure difference vapor 

diameter pressure 
Material ( ~ m )  MPa Psi (p/pn) 

Liquid water 0.1 2.8 418 1.02 

I Liquid cobalt 0.1 67.3 9750 1.02 
a t  1450'C 

1.0 6.7 915 1.002 

Silica glass 0.1 12.1 1750 1.02 
at  1700°C 

1.0 1.2 115 1.002 

solid ~ 1 2 0 3  0.1 36.2 5250 1.02 

source: 

.<+ 
Ref. 2. , ,.+6,- - @z~--y 

" L I L Y  l,b!l f++" -Il ----.- 
- (207a3D*2'5\r-6/5tz/5) (7.11 

AL/Lo i s  the linear shrinkage (equivalent to the sintering rate), v the 
surface energy, a3 the atomic volume of the diffusin&acancy, D* the self- 
diffusion coefficient, k the Boltzmann constant, T the temperature, r the 
particle radius (assuming equal-size spherical starting particles), and t i s  

Equations for other volume difFueion mechanisms of sintering are simi- 
lar. In each case the rate of shrinkage increases with increasing tempera- 
ture  and with decreasing particle radius and decreases with time. 

" cU;t. ,<'"t-  I. 
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- .. 
Figure 7.3a illustrates the effects of temperature and time. Figure 

1.3b shows a log-log plot of the same data. The slope of the log &/LO 
versus log t line is approximately two-fifths for solid-state sintering. 
-->t is apparent from examination of equation (1.1) and Fig. 1.3 that con- 
trol  of t e m p e r a k e  and particle size is extremely important, but that con- 
trol of time is less important. 

Finer- ' de 
t e m i y  
important to the final properties, a re  the uniformity of particle pacldng, 
the particle ~ h i * ,  a n d b e  pa+cle size distribution. If 
not uniform in the greenwge, i t  will be very d m t n  eliminate all& 

Agglome-r_a.tea -$.:a  common,&^- 
ap. 5. Nonuniformity can also result  during 

ADJACENT PARTICLES 
IN CONTACT 

1- 

NECK FORMATION 
BY DIFFUSION 

.. 

DISTANCE BETWEEN PARTICLES 
CENTERS DECREASED, PARTICLES 
BONDED. PORE SIZE DECREMED 

H 
Figure 1.2 Schematic of solid-state material transport. 
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I I I la)  1 comrnoniv available mwder has a ranee of nartlcle sizes from submicron 

Y 
.I:. ., TIME t 

LOG I 

Figure 7.3 Typical sintering rate curves showing the effects of tempera- 
ture and time. 

shape forming due to gas entrapment, particle segregation (i.e., settling 
during sl ip casting), lamination, and fold lines (injection molding). 

' 

. T ~ o n c e n t r a t i o n J ? 1  
ult in brid-- 

lar  e o i r  a ult ta remove dur ing  
sintering. 
-ole size distribution i s  also critical. P a r t i c s t h a t  a re  a of one --- 
size do not pack efficiently;--thehey form compacts with large pores _ ~--_ and a high 
~~CKLpercentage of p n t y .  Unlesg very un!form -- close -~ packing was 
achieved du~!ng.cnmpackng-vd grain growt&c_urs dwiiigaensificaHon, 
such c o m p a _ c ~ - w g ~ e ~ ~ r ~ ~ a p e e g , s h r i n k a g e  d y e t  will re- 
tain signi-. For  very fine particles (500 A) this may be 

upward. Better ovcrall packing can lk! achieved during con- but 
luolated porgs d u ~ w  bridging and agylonlr.retcs a r t  .--- . ~ s ! ~ a y  quite large and 
result either in porosity o r  largi~-~ra in  s l r e  after slnfcr.lnl:. 

. 

Liquid-Phase Sintering 
F 

L i q u i d ~ p ~ s i n t e r i n g  involves.& presence of a viscous liuuid.&-sin- __ . __  
tering temperature and i s  the primary densification mechanism for most 

-,-.- .. ~. , .- 
s i l i c a y t e i  occurs most r_e.@!Iy.y&+nihe 
liquid ttioToghly - .- wets - the solid -. particles - - at . - . the . s!&ri_ngg.kmperahrre. 
liquid7Fitlie7iiarmw channels between the particles re&Q,in substantial . -- -.-. 
ca$1iy p _ r $ s s G  -- which ----A aids d e n s i f i c a t i o ~ e r a l  -- mechanisms: 

Rearranges the particles to achieve better pacldng 
Increases the contact pressure between particles, which increases the rate 
-, of material transfer by solution/precipitation, creep and plastic deforma- 
! tion, vapor transport, and grain growth 
7 
L 

The magnitude of capillary pressures produced by silicate liquids can be 
greater than 7 MPa (1000 psi). Smaller oarticles result in hikher c a p i l l a r ~  
pressure and also have hiaher surface energy due to thesmal l  radius & 
curvature and thus have more driving enerev for densification th cpitrser 

% m. hlaterials requiring high strenzth and minimum p o r o z v  a re  
n a v s e  particle size less than 

tmngly gfected by tempera- 
ture. For  most compositions a small !n_cryase in temperature results in a 
substantial increase in the amount of u p r e s e n t .  I u o m e  cases this 

; Th6.aam%Gt of 
~ ~ ~ b _ p f e d i c t e d  with the use  of ___-- 

phasasequLlib_ri_um diagrams. The following discussion reviews .briefly the 
principles of simple phase equilibrium diagrams and illustrates how they 
can be used to predict liquld content versus temperature, optimum compo- 
sitions and temperatures for sintering, and the resulting high-temperature 
properties of the densifled material. 

Simple Binary k'utectic L)iagTanl Figure 7.4 shows a simple binary eutec- 
tlc nhase e4uilit1rlum d i m a m .  Considerable informatlon is available from - 
this diagram. With no calculations at all, the following informatlon can be 
read directly: 

- 
acceptable and may result in very uniform propertlea. However, more 
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The melting temperatures of the pure components A and B a r e  TA and TB, 
respectively. 

The melting temperature decreases 88 B is added to A o r  A i s  added to B. 
The lowest meltlng temperature for this system occurs for a composition 

of 30% A and 70% B and i6 referred to a s  the binary eutectic Te. 
Regions a r e  defined whlch tell whether solid, liquid, o r  a mixture is  present 

for each temperature and composition when the system is  in equilibrium. 

With simple caiculations considerable additional information i s  avaliable 
f m m  the phase equilibrium diagram as illustrated hy Fig. 7.5 and the fol- 
lowing examples. . 

EXAMPLE 7 . 1  What percentage liquid and solid a r e  present in Fig. 
7.5 for composition C1 at  temperature T1 7 What a r e  the compositions of 
the liquid and solid? We can use the simple lever rule to calculate the 
percentages: 

I I 
0 10 20 30 40 50 60 70 80 90 100 B 

A 100 90 80 70 M 50 90 30 20 10 0 

COMPOSITION 

Figure 7.4 Slmple bhary  eutectic diagram. 
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, ,  1 
I 
I 

0 10 20 30 40 50 60 70 80 90 100 0 
A 100 90 80 70 60 60 40 30 20 10 0 

COMPOSITION 

Figure 7.5 Binary eutectic diagram used with Examples 7. 1 and 7.2 to 
describe methods of calculating percentages of solid and liquid for  compo- 
sition C1 at  various temperatures. 

% Solid = 
- '1'1 67 - 10 1 1  - - = 85* 

Xlzl 
- 67 

% Liquid = 
' 1 1  - '1'1 67 - 57 - - = 15 

X I Z l  
- 67 

The composition of the liquid is defined by the intersection of the T i  line 
a d  the liquidus (the curve that extends between Te and TA and thua separates 

*which is  all A because the composition C1 is  in the liquid + A  region of the 
diagram. 
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the region of all liquid from liquid + A) and i s  thus Z1: Composition of 
liquid = Z1 = 67% B and 33% A. We can now check to see  if our calculations 
a re  correct  hy adding up all the A and B in the liquid and the solid to see  if 
they equal our starting composition C1: 

Percent 
in solid 

Percent in 
liquid Total 

Composition C1 i s  9% A and la B, so our calculations a re  correct. 

EXAMPLE 7.2 What percentages of liquid and solid a re  present for 
composition C1, at temperatures T2 and T37 What a re  the corresponding 
liquid compositions? 

% Solid at T = 
- XzY2 55 - 10 2 2 - 

2 
- - = s a  

X2z2 55 

X Z - YzZz 
% Liquid at T = 

2 2 -- - 55 - 45 = 18% 
2 "~'"2 55 

Composition Liquidat T = Z = 55% B and 45% A 2 2 

X Z  - X Y  
% Solid a t  T = 

3 3  3 3  3 5 - 1 0  = - = 71% 
3 X3Z3 35 

X Z - Y3Z3 
% Liquid at T = 

3 3 35 - 25 
3 

= - = 29% 
XgZ3 35 

Composition liquid a t  T3 = Z = 35% B and 65% A 
3 

Besides showing how useful calculations can be made with simple hi- 
nary eutectic diagrams, the examples above illustrate some important con- 
siderations in liquid-phase sintering. Fi rs t ,  small  additions of a second 
component (B in this case) can result in a substantial quantity of liquid a t  a 
temperature well below the melting temperature of the pure component A. 
This aids in sintering, hut if too much Liquid i s  present can result in dis- 
torting, bloating, reaction with setter  plates in the furnace, and insufficient 
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high-temperature properties for the intended application. Therefore, the 
composition must be carefully selected and controlled to achieve a suitable 
amount of liquid at the selected sintering temperature. 

Second, by comparing Examples 7.1 and 1.2, one can see  that tempera- 
ture has a strong effect on the amount of liquid present, and therefore must 
also be carefully selected and controlled. Another related consideration i s  
that the liquid present a t  high temperature normally solidifies to a glass 
during cooling. Softening of this glass during subsequent usage of the part 
can result in creep and slow crack growth which will limit the operating 
temperature and life of the part. However, since one can estimate from 
the phase equilibrium diagrams the composition and percentage of this glass, 
one can design the starting composition and sintering process to satisfy the 
objectives of the application. Another option i s  to select a glass composi- 
tion that can be crystallized'by an appropriate heat treatment before the 
part is put in service. Even though the crystalline phase may have the 
same composition as the glass, it will not be subject to intermediate tem- 
perature softening typical of the glass. 

One can also use Fig. 1.5 to understand better what happens during 
solidification o r  crystallization of a ceramic composition. Let us Look again 
at  composition C1. At temperatures above the liquidus, only a liquid i s  
present having a composition of 90% A and 10% B. As soon as the tempera- 
ture cools down to the Liquidus, crystals of component A begin to form in 
the Uquid. The liquid correspondingly becomes increasingly richer In com- 
ponent B as  the temperature is decreased and more A crystallizes. By the 
time the eutectic temperature Te i s  reached, only about 14% liquid remains 
and i s  a mixture of 10% B and 30% A. This crystallizes at T3 as a mixture 
of A and B crystals. Below T, only a solid mixture of A and B i s  present. 

The binary eutectic represents one of the simplest interactions of two 
commnents. The two commnents affect each other bv reducine meitine - 
temperatures, but otherwise do not interact either chkmically or struc- 
turally. Other systems are  more complex and have solid solution behveen 
components or  chemical interactions that result in intermediate composi- 
tions. These features a re  also included in the phase equilibrium diagram 
and can provide the engineer with very useful information on the nature of 
the materials he o r  she is dealing with. 

Other Binary Phase Equilibrium Diagrams Figure 7.6a shows a binary 
system with an intermediate congruently melting compound (AB). I t  i s  
basically just two binary eutectic diagrams attached, each having i t s  own 
eutectic (e l  and e ~ ) .  The term congruent melting means that the compound 
i s  solid until it reaches i ts  melting temperature. A, B, and AB all melt 
congruently. Figure 1.Gh shows a binary system with an intermediate 
incongruently melting compound. In this case, the intermediate compound 
AB does not melt directly, hut decomposes to a liquid plus B. In this case 
the eutectic i s  replaced by what is referred to as a peritectic (pl in Fig. 
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Figure 7.8 Representation of complete solid solution on binary pnase 
equilibrium diagrams. (From Ref. 4.) 
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Figure 7.9 Binary phase equilibrium diagrams showing partial solid 
solution. 

maxlmum o r  minimum i s  present. These maxima and minima a re  neither 
compounds nor eutectics, just limits in melting temperature for the solid 
solution. 

Solid solution does not have to be mmplete between two different com- 
ponents aml generally i s  not. Usually, one chemical component will have 
limited solid solubility in the other. The limits a re  determined by the 
similarity in the crystal structures and the size of ions o r  atoms. Figure 
7.9 illustrates partial solid solution for a binary eutectic system and a 
binary peritectic system. For  the eutectic system in Fig. 7.9a, component 
A can contain up to about 4@% B in solid solution (at the eutectic tempera- 
ture) and B can contain up to about 1% A. For  the peritectic system 
shown, A can contain up to 20% B and B up to 60% A. 

The presence of solid solution can have a dramatic effect on the slnter- 
ing behavior of a ceramic system by significantly changlng the percent liquid 



available a t  a given t e m p e r b e .  This i s  illustrated by comparing Fig. 
7.5 with Fig. 7.10 and Examples 7.1 and 7.2 with Examples 7.3 and 7.4. 

EXAMPLE 7.3 Figure 7.10 represents a binary eutectic system iden- 
tical to the one shown in Fig. 7.5 (same melting temperatures of A and B 
and same eutectic temperature and composition), except that the system in 
FJg. 7.10 has partial solid solubility of both A in B and B in A. What a re  
the percentages of liquid and solid for composition C1, at  the same tempera- 
hlres evaluated in Examples 7.1 and 7.2 (TI, T2, and T3)? 

COMPOSITION 

Figure 7.10 Binary eutectic diagram with partial solid solution, used with 
Examples 7.3 and 7.4 to describe m e w s  of calculating percentages of 
solid and liquid versus composition and temperature and for comparison 
with similar calculations with the binary eutectic diagram without solid 
solution shown in Fig. 7.5. 
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TI = 100% solid, 0% liquld 

T2 = 100% solid, 0% liquid 

T 3 = 100% solid, 0% liquid 

It is  obvious fmm this example that different sintering conditions would 
be required for  the system with solid solution than for the system with no 
solid solution. The system without solid solution had 15% liquid at  compo- 
sition C1 and temperature T1 and could have probably been easily sintered 
by liquid-phase sintering at  any temperature above the eutectic temperature. 
The system with solid solution would not have any liquid present d e r  
equilibrium conditions until slightly ahove temperature Tg and thus would 
require a very high temperature for Liquid-phase sintering. However, 
once sintered, the solid solution system would have much better high- 
temperature properties. 

EXAMPLE 7.4 What a r e  the percentages of solid and liquid for compo- 
sition C1 at  temperature Tq in Fig. 7.107 What a r e  the compositions of the 
liquid and solid? 

- '4'4 (21 - G) - (10 - 6) = 73% % Solid = - - 
x4Z4 

(21 - 6) 

- '4'4 15 - 11 % Liquid = 4 4 = - = 27% 
x4z4 

15 

Composition of solid = X4 = 94% A and IX& B 

Composition of liquid = Z = 79% A and 21% B 4 

To check our calculations: 

Percent in Percent in 
solid liquid Total 

The total adds up to 90% A and 10% B, which is  the correct composition for 
c1. 
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Another important material property which can affect sintering i s  poly- 
morphic transformation. This information also shows up on phase equi- 
librium diagrams, a s  illustrated in Fig. 7.11 for a simple eutectic binary 
and a eutectic binary with solid solution of component B in each of the com- 
ponent A plymorphs.  

Ternary Systems In many applications the ceramic is composed of o r  fab- 
ricated from three chemical components which can be represented by a 

LIOUIO 

LIO. + B 

TRANSITION 
7.4, + B 

TEMPERATURES 
FOR PURE 
PHASES PA, + B 

a&"- + B 

Figure 7.11 (a) Simple binary eutectic showing polymorphic transformations. 
(b) Binary eutectlc with solid solution and polymorphic transformation. 
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ternary phase equilibrium systems. F a r  instance, lithium aluminum sin- 
cate can k represented by the ternary system Li0-AI2O3-Si02 and cor- 
dierite hy the system Mg0-A1203-Si02. 

The phase equilibrium diagrams for ternary systems can be useful in 
predicting o r  understanding sintering behavior in the same fashion that the 
hinary system diagrams are.  The same information regarding melting 
temperatures, compositions, percent liquid o r  solid, solid solution, and 
polymorphism a re  present. 

A simple eutectic ternary diagram is illustrated in Fig. 7.12a. It i s  
the top view of the liquidus surface formed by placing the three binary 
diagrams from the system end to end as sliown in Fig. 7.12b. The corners 
of the triangular diagram represent the melting temperatures of the three 
pure components. The dashed lines show contours of constant melting 
temperature and thus allow one to estimate the melting temperature for any 
composition in the ternary system. The eutectics of each binary system 
show up along the lines connecting the corners of the triangle and a r e  
labeled e l ,  e2, and eg in Fig. 7.12. Melting temperatures typically de- 
crease with further progression toward the interior of the ternary diagram, 
reaching the minimum value at the ternary eutectic labeled E. If i n t e r  
mediate compounds a re  present in any of the binary systems, more than 
one ternary eutectic will occur in the ternary system. 

I t  is beyond the scope of this text to go into further detail on ternary 
systems. For further study, the reader i s  referred to Refs. 5 through 7. 
However, the key points being made in this brief discussion a re  that much 
information relevant to sintering behavior i s  available in ternary diagrams, 
and particularly that a third chemical component further reduces the tem- 
perature capability of the system. This latter point i s  especially important 
in selection of starting powders and their processing. Impurities can act 
a s  modifying chemical components which substantially reduce melting tem- 
peratures and result in more liquid phase at the sintering temperature than 
the manufacturer predicted and not as  good high-temperature properties as  
the user requires. 

Reactive Liquid Sintering 

Ileuctlve 1111wd s m k l n c  IS ~ ~ 1 1 q . ~  n .  
A Ilquld IS present durlng sinkring lo pfuwtle tlw 6;uur t y w  ocd~nsJf~ca- 
tion driving!or(.es,as discussed f o r  Uqgd-2base_ sinwring, . 4 ~ f I h e  liquid 
t i ther  chungea colllposllion o r  disaypearsaa the sjnterhg pmccss progccrises .. -~ 

o&r.it.is completed. e ce med in the reaction. 
the esu good high- t e r n p e w r e  p r o p e a  
~ r a t u r e s  abovethee 
g m E j n t u r e .  

0 t l e . m e ~ -  p ~ n c l u a v ~ ~ g _ ~ ~ ~ ~ ~ _ e ~ g g ~ d  si?@rlpg 1s @.se!ect_stn_&ing 
powders o r  additives thargy through a series of chemica! coml,inations o r  

. . - - . . - . . . - - . . . . . - . . . . - . . 
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Figure 7.12 (a) Simple ternary triangular composition diagram showing 
p three components, the binary eutsctics, the ternary eutectic, and con- 
stant melting-temperature contours. (b) Three-dimensional view showing 
how the ternary is related to its three constituent binaries. 
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reactions-before the fina!~atable ~ o m w u n d ~ ! ~ . f o _ ~ . m ~ ~ ~ ~ ~ ~ ~ o n ~ ~ ~  more of 

t h e ~ f e ~ ~ ~ c o r n P o _ u n d s  being liquv.% fina!.compog being solid. 
Another is to use starting powders that will form a solid solution at equi- 

~ ~ 

librium but will pass thro&&liauid stage_ before e q u i l i b i i i i 5 i i s b d .  . . .- - 
A thir;dapP%acb (which is not reallv reactive liquid sinterine. but eives the -, - 
same results) is to Uquid-phase sin&, cool to yield a glass at the grab 
boundaries, and then heat treat to crystallize the glass. 

Sintering Problems 

A variety of conditianscau res&.in- .- 

t e ~ ' & ~ r o w r t i e s .  Normally, the manufacturer wi l l  
detect these problems either during processing or during quality control 
inspection. However, sometimes defective or  inferior material is not de- 
teded by the manufaclurer and is shipped to the user, where the defect 
does not show up until the component fails prematurely in service. Under 
these circumstances the source of the problem and a feasible solution must 
be found quickly. The responsible engineer will have a distinct advantage 
if he or  she lolows generally how the ceramic was processed and bows what 
possible problems to look for. The following paragraphs describe some of 
the pmblems that can occur during sintering and some of the artifacts in the 
ceramic component that will help the engineer to identify the cause. 

Warpm W ~ a r p e .  is. a comm~.&p@qnl -and,yt$ly is detected before 
the part~b&%m&?e. It increases reject rak-andhen& the-cost per 
-also can cause delays if it arises intermittently. W m e  usually 

(refractory, .. . -. . . 
nonreactive-cerainic pieces which-restrict the 'gmEnent from deforming 
during sinteringl,_ee latteGGii62j-d~rtec& only bj;<bi+iii=-tlie problem -. 
in an ear~~rTFocess .G-s tep  that caused the inhomogeneity. The two 
sources of warpage can upually be distinguished from each other by dimen- 
sional inspection or  by examination of a polished section of the microstme- 
ture. Warpage due to sagging will not show variations in thickness or  
microstructure across the cross section, but warpage due to density vari- 
ation will. 

Overfiring Overfirinx is another of the m o ~ ~ ~ n n ~ & ~ o b l e m s  
with c e r n i c s .  It cq.c.+_e yarpage, reactlon withsu~um3inx furnace --- . - ~ ~ -- ~ 

structures, bloating, or  excessive grain growth. The first threeare usu- 
allYZ&y to detect visually. ~ x c ~ i ~ - G - F G i i i m w t h  is more difficult to 
detect during routine inspiction and may-require preparation of a polished 
surface, etching to accentuate the grain structure, and examination by 
reflected light microscopy. 
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However, the presence of large grains i s  readily visible on a fracture 
surface' a t  low magnification and can provide the engineer with valuable in- 
sight into the cause of a component failure. As discussed in Chap. 3, an 
increase in grain size usually results in a decrease in  st^-9-t. This is 
-%- ...___.L_-.__-_-~ - true even E 3 i i m t l o n  of the grainshave increwedsize..- _--- 

ov- - , w g r o w t h , -  
m w  verv laree compared to other grains in the 
and compared to a e  o-uired for the i e n d e d  application. 

Burn-Off of Binders A6 discussed in Chap. 5, binders a r e  often added to 
the ceramic powder priortocompaction.-vd 
cai-residue in the ceramic durine s inbiogif . theAme/  
temperature7at~o~ph~ee~~~@e~r_s.gr~.~q~.p~r1y con_t-. If large 
percentages of binders a r e  present,such as in injection molded c e r a z  
the binder may have to beremoved very s l o w l y ~ g a s  o r  liquid bv tbr-  
m ~ > ~ c o m p o s i t i o n  . . - -. . . o r  capillary ex t raa im.  Too-rapid.re-mval results in 

._--- 
formation o f . c r a c ~ ~ n ~ ~ ~ c o ~ ~ ~ e n t .  

The author once conducted experiments on sintering compacts of glass 
powders. A variety of binders were evaluated in glass compositions having 
a wide range in melting temperature. If the glass started to soften before 
the binder was completely burned off, discoloration would result. In one 
case the binder subsequently decomposed to produce a gas after the glass 
had partially sintered and expanded the glass into a porous foam having 
many times the volume of the original compact. 

Proper binder removal i s  normallv arromplished by slowlv raising the 
temperature to a level a t  w U & f h e . M ~ d e r c a v o ~ , . a n h h o l d ~ ~ t  
this tetnperature untilthe binder.is.gane. The temperature can then be 
safetly increased to the sintering temperature. However, if the tempera- 
ture is increased before the binder has completely volatilized, the portion 
remaining will char and leave a residue of carbon. 

In some materials, the carbon will be relatively inert, but in others it 
can cause severe chemical reactions during sintering. In one case the 
carbon resulted in localized reducing conditions in the core of a part cawing 
bloating and severe dark discoloration. The surface of the same part was 
white and sintered properly. 

Ceramics a re  frequently prepared using a differ- 
ent starting composition than the Hnal composition. For  instance, .car- 
bonates, sulfates, nitrates, o r  other salts  a re  often used rather than the 
oxides, even though the final product is an oxide. There a r e  a variety of 
reasons for doing this. The salts  are  often purer o r  more reactive o r  can 
be mixed more uniformly. However, during sintering the salt  must decom- 
pose to the oxide and react with other constituents to form the desired final 
composition. If the salt  does not decompose early enough, the component 
can be damaged by gas evolution If the salt  does not decompose completely, P 
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an off-composition o r  inhomogeneous condition can resul The degree of + 
sensitivity of a component to this i s  dependent on the sintering temperature, 
the time-temperature schedule, and the decomposition temperature and 
kinetics of the salt. Problems are  usually not encountered with hydrates 
and nitrates because they have Low decomposition temperatures. Car- 
bonates tend to have higher decomposition temperatures, but usually do not 
pose a problem if the sintering temperature i s  above 1000'C (1832'F). 
Some sulfates do not completely decompose until 1200 to 1300°C (2200 to 
2372°F). L 

Polymorphic Transformations P q l p o r p @ c  transformations.do~+usually 
cauae problems d y i n g  sintering, b u t  c a n a w e _  problemq-during rooldqwn 
aftxr sGtering i faagdden vglwe.change i s  involved. A good example i s  - . . . .~~ 
ZrO2. ZrO2 is monoclinic from mom temperature up to about 1000°C 
(1832"F), at which point it transforms abmptiy to a tetragonal form. No 
problem occurs during heat-up because the individual ZrO2 particles a re  
not constrained. However, after sintering the original particles a re  now 
grains that a re  solidly bonded to adjacent grains and a re  thus restrained. 
They a re  also randomiy oriented. Now, when the component goes through 
the transformation temperature, the grains a re  not free to move. V= 
high internal s t resses  =:It a t  the&x%iEL~u?d~rLe~~~and~ m - ~ y  c r a c k  a r e  
inltiated&gr??ficanfluluweakeningtI?e_mater!a!. 

The problem with ZrOz has been resolved by controlled additions of 
CaO, MgO, o r  Y203 which produce a cubic form of 2102 that does not un- 
dergo a transformation. 

Many ceramic materials undergo polymorphic transformations which 
can decrease the strength of sintered material either during cwldown o r  
by further thermal cycling. Quartz and cristobalite forms of SiOz both - 

have displacive transformations accompanied by substantial volume change. 
An eneineer has several wavs of determinine if a material i s  suscentible - - 

to damage by polymorphic transformation. Fi rs t ,  he o r  she can determine 
what crystallized compositions a r e  present in the material by x-ray diffrac- 
tion analysis. Then the engineer can look up phase equilibrium diagrams 
for the material and its constituents. These diagrams will show if poly- 
morphic phases a r e  present. Figure 7.11 showed simplified examples 
having three different polymorphs. Unfortunately, the equilibrium diagram 
provides no information about the volume change during transformation. 
This can be obtained by thermal expansion measurement. 

7.2 MODIFIED DENSIFICATION PROCESSES 

So far only conventional sintering where a powder compact i s  densified 
under the influence of temperature has been discussed. Other processes 
a re  also available which achieve densification, deposition of a solid phase, 
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o r  strong bonding. In this section attention is given to hot pressing, reac- 
tion sintering, chemical vapor deposition, liquid particle deposition, and 
cementicious bonding. 

I Hot Pressing 

n is ' tesin~_exceg!Qhat pressure  a n g q ~ b g e  
a l i  i m ~ ~ t  pressing ia often referred Ib u p r e c  

i su re  sintering. application of pressure at  the wintering temperature - -- 
accelerates b y . i o c r e a s i ~ ~ ~ o n t a c t  s t ress  -- 

1 between p k i c l e s  and by rearranging particle positions to improve pacldng. 

-9 than would occur with pressureless sintering 
3. Minimizes residual porosity 
4. Results in higher strength than can be achieved through pressureless 

sintering, due to the minimization of porosity and grain growth 

\ The following sections describe how hot pressing is  conducted, some of 
the unique properties, and some of the interesting applications. 

Hot-Pressing Equipment F l y r e  1.13 shows a simple schematic of a uni- 
axial hotpressing setup. It consists of a furnace surrounding a Nw&tem- 
perature die with a press in line to apply a conhulled load throughthe die 
piston. The type of furnace i s  dependent on the maximum temperature. and 
uniformity of the hot zone required. Induction heating, with water-cooled 
copper coils and a graphite susceptor, is most commonly used and has a 
temperature capability greater than 2000°C (363TF). The furnace must 
either be evacuated o r  back-filled with N2, He, o r  Ar during operating to 
minimize oxidation of the graphite. Furnaces with graphite o r  other re- 
sistance heating elements can also be used for hot pressing. The author is 
not aware of gas-fired furnaces in use for hot pressing. 

The source of pressure is usually a hydraulic press with a water-cooled 
platen attached to the ram. However, this does not provide adequate cool- 
ing to extend the ram into the furnace, s o  b l o c b  of graphite o r  other refrac- 
tory material a re  used. Obviously, the size of the press i s  dependent on 
the size of the part belng hot pressed and the pressure required. Most hot 
pressing i s  done in the range 6.9 to 34.5 MPa (1000 to 5000 psi). 

The-t imwrtant element of the hot press. 
It must withstand the temperature, transient thermal stresses,  high hot- 
pressing loads, and be chemically inert to the material being hot pressed. 

7.2 hIODIFED DENSIFICATION PROCESSES 
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Figure 7.13 Schematic showing the essential elements of a hot press. 

Graphite i s  the most widely used die and piston material. It has high- 
t e m p e r a b e  capability, ita strength increases with temperature, and i t  has 
low friction. It does not react with most materials and can be coated with 
a boundary layer such as boron n i t r i d e ~ p m x e ! & d i r e c t c & a c t  with w. As with the graphite susceptor, though, 
graphite does oxidize and must be used under a protective environment. 

Refractory metal dies such as molybdenum, tantalum, and the molyb- 
denum alloy TZM have been used in limited cases. However, they a r e  
expensive, have high reactivity, and deform easily at  high temperahres.  
Leipold 191 recommeds TZM coated with MoSiz o r  a composite die con- 
sisting of a molybdenum jacket surrounding an A1203 liner. This latter 
approach takes advantage of the strength of the molybdenum and the abra- 
sion resistance, creep resistance, and lower thermal expansion coefficient 
of the A1203. 
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15.2-cm (&in.) billets were near theoretical density around the edges, but 
of decreased density in the interior. The overall density was within speci- 
fication. The strength a180 appeared within specification since it was being 
measured on material sliced from the edge of the part. From al l  appear- 
ances the billets were of equivalent quality to the smaller development 
samples and were acceptable for delivery to a customer. However, when 
f u r t k r  testing was conducted, which included an evaluation of the billet 
interior, i t  was found that this region had density below specification and a 
strength of less than 690 MPa (100,000 psi). The source of the ~ r o b l e m  
turned out to be a combination of 1- and nand-- 
perature distribution. The Loose powder had a very low thermal conduc- 
tivity such that the edges in close proximity to the graphite die heated up 
faster than the interior and began to sinter. This physically shifted materlal 
from the center toward the edge and ultimately resulted in the density and 
strength gradient. The lesson is that flaws may result in a part  that a r e  
not readily detectable, but if the engineer is aware of the mechanisms of 
processing and of some of the things that can go wrong, he o r  she will have 
a better chance of solving a problem that occurs o r  producing a quality con- 
trol  specification that will minimize such occurrences. The problem was 

. resolved by precompacting the powder better and by modifying the time- 
, temperahme profile during hot pressing. Recurrence was prevented by 1 ~nitiating a more rigid density specification and strength certification 

I procedure. 

Unique Hot-Pressed Properties Hot pressing permits achieving near- 
theoretical density and very fine grain structure, which result in optimiza- 
tion of strength. It also permits reduction of the amount of sintering aid 
rgluired to obtain full density. This can result in orders-of-mag~tude 
improvement in high-temperabe pmperties such as creep and s t ress  r u p  
ture life. 

Table 7.4 compares the properties of several sintered and hot-pressed 
Si3N4 compositions developed during the past 10  years o r  currently uoder 
development. Similar differences eldst between sintered and hot-pressed 
varieties of other materials such as A1203, SIC, spinel, and mullite. 

Hot pressing can cause preferred *tation of the grain s t r u w  
some materials and result in different prooerties in different directions. 
This occurs predominantly when powders with a large aspect ratio such as 
rods o r  needles a r e  uaed. It can also occur due to flattening of agglomerates 
o r  laminar distribution of porosity perpendicular to the direction of hot 
pressing. Figure 7.14 illustrates the strength variations measured for 
specimens cut from various orientations from a hot-pressed SigNq billet. 

rvas me&@& the plane -to the direc-Qt 
-sing. T h i a ~ a s  thought to be due to a c o m b i n a t  e 

and laminar denaity C O O  
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Strength test specimens a r e  normally cut fmin the plane perpeldicular 
to the hot-pressing direction. This i s  usually the strongest direction (if 
anisotropy is present) and may give the engineer f a h e  confidence in the 
material. The engineer should be aware that the strength and other p r o p  
erties in the other directions may be inferior and adjust the material quali- 
fication testing accordingly. 

PressinR Limitations Th_B major ~ m i v  
C-. Flat plates, b lock,  o r  cylinders a r e  relatively easy to hot 
press. Long cylinders, nonuniform cross sections, and intricate o r  con- 
toured shapes a re  difficult and often impossible by conventional uniaxial 
techniques. Figure 7.15 and the following paragraphs describe the nature L- of the problem. 

The starting powder goes into the die as a relatively uniform stack of 
powder o r  as a uniform preform. During densification the powder o r  pre- 
form will compact in the axial direction of pressure application until the 
porosity has been ellminated and near-theoretical density achieved. The 
amount of compaction required to go from the loose powder o r  preform to 
the pore-free part i s  referred to as the compaction ratio. The compaction 
ratio for a well-compacted preform usually ranges from 2:l to 3:l and can 

be even higher for loose powder having a very fine particle size. For 
instance, one batch of M3N4 powder had a compaction ratio of 8:l. 

Figure 7.14 Variations in the etrength of hot-pressed Si3Ng as a function 
of direction. 

- UNIFORM STARTING PREFORM ---- FINAL DENSE PART - DISTANCE GRAPHITE DIE PISTONS 
MUST TRAVEL TO ACHIEVE 
FULL DENSIFICATION 
GRAPHITE DIE LOOSE POWDER 

COMPACTION RATE OF 2:l ASSUMED 

Figure 1.15 Pmblems associated with complex shape hot pressing. 
(a) Assuming a uniform starting preform o r  powder stack, the preform will 
have to shrink different amounts to achieve uniform final density and the 
required shape. (b) A preform with the correct powder distribution has a 
different shape than the die. (c) Loose powder 811 requires a powder re- 
distributicn during hot pressing. 

Figure 1.15a illustrates the shape of a preform having a compaction 
ratio of 2:l that would be required to make a fully dense part of an arbitrary 
nonuniform cross section. The shape of the preform is  different than the 
final shape and the required movement of the graphite die punches i s  greater 
for thick sections than for thin sections. For instance, in the example in 
Fig. 1.15, the total shrinkage in the thick sectlon of the part i s  four times 
greater than the shrinkage in the thin section, even though the percentage 
i s  the same in each case. And this is only for a minimal compaction ratio 
of 2:l. The shrinkage difference is greater for higher compaction ratios. 
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accomplish densificatlon of the ceramic preform. Battelle has demonstra- 
ted that indivklual gas turbine rotor blades of Si3N4 can be fabricated by 
this approach. ASEA has fabricated small (-12.7 cm (5 in.)] integral axial 
rotors of S13N4 by this approach. 

HIP has the potential of resolving some of the major limitations of uni- 
axlal hot pressing. It makes possible net shape forming because the pres- 
sure is  equally applied from all directions. This also results in greater 
material uniformity by eliminating die wall friction effects and preferred 
orientation, resulting in higher strength and Weibull modulus. Also, much 
higher pressures and temperatures can be used, making possible more 
complete densification and greater flexibility in selection of composition. 
For instance, the higher pressure and temperature may permit densiflca- 
tion of compositions containing less sintering aid and having dramatically 
improved s t ress  rupture life and oxidation resistance. 

RIP has been used to improve the strength and wear resistance of some 
MgZn and NiZn f e r r i e s ,  yttrium iron garnet, and BaTiOg, especially for 
applications such as magnetic recording heads. The ceramic is first sin- 
&red to closed porosity and i s  then further densified by HIP without a ne 
quirement for encapsulation 1121. 

Reaction Sintering , 

Unique processes have been developed in England for achieving moderately 
I strong Si3N4 and Sic shapes without urdergoing the large shrinkage of con- 

. 
ventional sintering 113,141. These  roc- 

Reaction-Sintered Sillcon Nitride Reaction-sintered Si3N4 is  fabricated 
from silicon powder. The silicon powder is processed to the desired p a r  
ticle size distribution and formed into the required shape by pressing, slip 
casting, injection molding, o r  other suitable process. The compacted Si 
shape is  then placed in a furnace under a nitrogen o r  mixed nitrogen/hydro- 
gen o r  nitmgen/helium atmosphere and heated initially to about 1200 to 
1250°C (2200 to 2282'F). The nitrogen permeates the porous Si compact 
and begins to react with the Si to form Si3N4. Initially, a-Si3N4 fibers 
grow from the Si particles into the pores. As the reaction progresses, the 
temperature is slowly raised to approximately 1400'C (255ZmF), near the 
melting temperature of B. As the temperahme increases, the reaction 
rate increases and primarily 8-Si3Nq is  formed. Great care  i s  necessary 
in contmlllng ths rate of temperature increase and nitrogen flow. The 
reaction of N2 and Si L exothermic and, if allowed to proceed too fast, will 
cause the silicon to melt and exude out of the surface of the part. A typical 
nitriding cycle in which the exotherm is  controlled and no exuding occurs 
i s  on the order of 7 to 12 days, depending on the volume of material in the 
furnace and the green density of the starting Si compacts. 

7.2 MODIFIED DENSIFICATION PROCESSES 

! g h l . g & a c w i n g  tnitrid?_ng, ,ut Less than . Thla makes possible excellent dimensional con- 
trol. Bulk densities uo m 2.8 c/cm3 10.101 ~ b / i n . ~ )  have been achieved .. ~ - .  -. 
(compared to a theoretical density for Si3N4 of about 3.2 g/cm3). 

The earliest reaction boded  SigN4 had a density of about 2.2 g/cm3 
and a strength under 138 MPa (20,000 p i ) .  Current 2.8-dcm3 material 
has Ppoint flexure strength in the range 345 MPa (50,000 p i ) .  

Another advantage of the reaction-sintered Si3N4 is  its creep resistance. 
No sintering aids a r e  added to achieve densification, so no glassy grain 
b o d a r y  phases a re  present. Strength is  retained to temperatures greater 
than 1400°C (2552°F) and the creep rate i s  very low. The strength versus 
temperature and creep rate were compared with other materials in Figs. 
3.11 and 4.6. 

The primary disadvantage of reaction-bonded Si3N4 is  ite porosity. 
The porosity i s  interconnected and can result in internal oxidation and ao- 
celerated surface oxidation at high temperature. The internal oxidation 
appears to affect the thermal stability of a component. F o r  instance, Ford 
Motor Company observed that experimental turbine engine part8 fractured 
when the weight gain due to oxidation reached about 2%. The mechanism 
was not determined, but could have been associated with internal s t resses  
induced by the thermal expansion mismatch between the Si3N4 am3 the 
cristoballte formed during oxidation. 

laaPc modulus and coef- 
@rmg c>u&vitrTon- 

sidering its porosity). , J h g m ~ e r t i e s ,  combined with a m- 
n e a c t i o n - s i n t e r e d  SILN_N~ good thermal shock r-tance and 
P u c h  aeplicatzns-& nozzle tips, 
-chue co- 

Reaction-Sintered Silicon Carbide Reaction-sintered SIC is  processed 
from an intimate mixture of SLC powder and carbon. This mixture is formed 
into the desired shape and exposed at  high temperature to molten o r  vapor- 
phase Si. The silicon reacts with the carbon to form in situ SIC, which 
bonds the original Sic particles together, The remaining pores a re  filled 
with metallic Si. The resulting material i s  basically a nonporous 3-SIC 
composite and can have a broad range of strength and elasuc modulus, 
depending on the particle size distribution and the percent Si. Table 7.5 
summarizes data for several reaction-sintered Sic materials 115,161. 

Reaction-sintered Sic materials have a relatively flat strength versus 
temperature curve nearly up to the melting temperature of silicon, at  which 
point the strength drops off rapidly. A typical strength versus temperature 
curve i s  shown in Fig. 7.17 compared to reaction-bonded Si3N4, hot- 
pressed si3N4, d sintered Sic  (151. 

Reaction-sintered SIC has similar advantages to reaction-bonded Si3N.l 
for complex shape fabrication; it undergoes dimensional change of less than 
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1% during densification. The initial shape can be formed by casting, plas- 
tic moldlng, pressing, ex tmion ,  and any of the other processes applicable 
to ceramics. It is especially suitable for the plastic processes such as 
extrusion and compression molding. The plasticizer can be a thermosetting 
resin such as a phenolic. Inatead of having to remove the plasticizer after 
molding, as is m u i r e d  with other ceramics, the plasticizer is simply 
charred to pxovlde the carbon aource for reaction with the silicon. 

Another interesting method of fabricating reaction-sintered Sic i s  to 
s t a r t  with woven carbon fi ters o r  felt, as reported by Hillig e t  al. 1161. 
Laminae of carbon fiber weave a re  laid up much the same as fiberglass to 
form the desired shape. This can then be reacted with molten silicon to 
form a composite of SIC-Si o r  C-SIC-Si. By wntmlllng the type of fibers 
and the weave, a complete range of composites with varying sic-to-si 
ratios can be engineered. Ones with high Si have low elastic modulus (-30 
x lo6) and relatively low strength (<30,000 psi); ones with high SIC have 
high elaetic modulus (A0 x lo6 psi) and high strength (--70,000 psl). The 
range of composites can be further e~rpanded by pitch impregnation o r  de- 

, poeition of pynilytic carbon o r  glassy carbon prior to siliconizing. 

Vapor Deposition 

Vapor deposition i s  a generic term that can refer  to a variety of techniques 
that deposit essentially nonporous ceramic coatings on a substrate. Chemical 

Table 7.5 Properties of Reaction Sintered SIC Materials Illustrating 
Variations Achievable by Varying Microstructure and.  
Silicon Content 

- - -  

Young's Flexure 
volume % modulus, E strength, a 

Material sillcon (psi) (psi) 

N ~ - 4 3 5 ~  -20 50.1 x lo6 57,200 

~ e f e l ~  -- 57.5 x lo6 44,900 

Type THC 15-20 57 x lo6 70,000 

Type THL' 55-60 44 x lo6 48,000 

75-80 29 x lo6 30,000 

 o or ton Company, Worcester, Mass. 
b ~ r i t i s h  Nuclear Fuels, Ltd., U.K. 
C General Electric Company, Schenectady, N. Y. 
Source: Refa. 15 and 16. - 
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Figure 7.17 Strength of reaction-sintered SIC compared to other S13N4 and 
Sic  ceramics. (From Ref. 15.) 

vapur deposition ( C M )  and sputtering a r e  perhaps the most widely used 
and will be discussed briefly. 

C M  is typically accomplished by heating the part to be coated in a 
vacuum chamber and passing a controlled gas o r  gas mixture over the part. 
The gaa mi-e is selected such that it will react o r  decompose when it 
comes in contact with the part preheated to a specific temperature. Depo- 
sition rates a r e  usually less than 250 pm (0.010 in.) per hour and careful 
control i s  required to obtain a uniform coating. However, the coatings a re  
very fine grained and impervious and a re  usually of Ngher purity and hard- 
ness than can be achieved by other ceramic fabrication processes. 
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Figure 7.18b shows a CVD Si3N4 coating on reaction-bonded Si3Nq. 
Note the difference in pomsity between the reactlon-bonded SigNq and the 
CVD coating. Also note the columnar structure of the coating, with the 
grains oriented perpendicular to the surface. This i s  typical of CVD coat- 
ings.and i s  usually not desirable. Figure 7 . l l a  shows a CNTD BC coating 
on hot-pressed Sic. Note the extremely fine grain size and the lack of 
columnar growth. CNTD stands for Controlled Nucleation Thermochemical 
Deposition arrl was developed by Chemetal, Inc., specifically to eliminate 
the deficiencies of columnar growth. Tungsten carbide with strength a p  
proaching 3450 MPa (500,000 psi) has been deposited by the CNTD approach. 

A second important technique for depositing ceramic coatings i s  
sputtering. The part to be coated i s  placed in an evacuated chamber in 
close proximity to a flat plate of the coating material. This flat plate is 
called the target and i s  bombarded by a beam of electrons. The electrons 
essentially knock atoms off the target onto the surface of the part facing 
the target. Only the portion of the part directly exposed to the target gets 
coated. Coating rates are very slow and only thin coatings can be pmduced 
effectively. The major advantages a r e  that the purity of the coating can be 
controlled and that the part is rmt heated during coating. An application 
where this might be important is in a miniaturized electrical device where 
a ceramic coating would provide protection and electrical insulation. 

Molten Particle Deposition [171 

Molten particle deposition i s  most commonly referred to as flame spray 
o r  plasma spray. It consists of impacting small  molten particles of ceramic 
against the surface to be coated. Almost any oxide, carbide, b r i d e ,  nit- 
ride, o r  silicide that does not sublime o r  decompose can be applled by mol- 
ten particle techniques. Coatings a re  most often applied, but free-standing 
parts can also be made by using a removable mandrel o r  form. 

The f i rs t  widely used molten particle approach was the owacetylene 
powder gun, more frequently referred to as the flame-spray gun. Ceramic 
powder i s  aspirated into the oxyacetylene flame and melts. The molten 
particles exit the gun through a nozzle and strike the substrate to be coated 
at a velocity of about 45 m/sec (150 ft/seo). By moving either the substrate 
o r  the gun, a uniform coating can be built up havlng approximately 10 to 15 
~ 1 %  porosity and a surface finish of 150 to 300 pin. rms.  

A similar approach i s  the owacetylene rod gun. Instead of using ceramic 
powder, a s inkred rod of the coating material i s  fed into the owacetylene 
flame. Molten ceramic a t  the tip of the rod is carried to the substrate by 
bursts of a i r  traveling a t  about 180 m/sec (600 Wsec).  Surface finishes 
a r e  similar to those produced by the powder gun, but porosity i s  usually 
lower (6 to 1%) because the particles a r e  completely molten and the impact 
velocity i s  higher. 

v 
CNTD Sic 

HOT PRESSED SiC 

'REACTION BONDED 
Si3 N4 

Figure 7.18 (a) CNTD SIC coating on hot-pressed SIC. (h) CVD Si3N4 
coating on rcaction-bonded Si3N4. (Courtesy of the Garrett Turbine Engine 
Company, Division of Garrett Corporation, Phoenix, Ariz.) 
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The oxyacetylene guns a re  widely used. Another widely used approach 
is the arc-plasma gun. A high-intensity direct-current a r c  is maintained 
in a chamber. Helium o r  argon is  passed through the chamber, heated by 
the arc,  and eqmlled through a water-cooled copper nozzle as a high-tem- 
perahire Ugh-velocity plasma. Ceramic particles are injected into the 
plaema, where they a r e  melted and directed against the substrate. Veloci- 
ties as high as 450 m/sec (1500 ft/sec) have been obtained, yielding coat- 
ings with porosity as low as 3% and surfaces with a finish in the range 75 to 
125 pin. rms. The m a p r  difficulty of the a rcp lasma  gun i s  the tempera- 
ture of the plasma. Ceramic substrates may have to be preheated to avoid 
thermal shock damage and metal substrates may have to be cooled to avoid 
melting. 

Deposition rates for molten particle spray are much higher than for 
chemical vapor deposition, in the Idlograms per hour range rather than in 

, grams o r  milligrams per hour. However, for some applications this i s  not 
enough. One technique has been developed which has demonstrated 2 to 4 

I kg/mln and is  projected to scale up to 200 kg/min. The ceramic powder is  
mixed with fuel oil to form a slurry and is burned in oxygen in a w a t e r  
cooled gun. AIzO3, mullite, and SO2 have been successfully sprayed by 
this method to form refractory linings for  high-temperature furnaces such 
as the oxygen converters steel mills. 

Molten particle spray techniques have been used extensively to deposit 
wear-resistant and chemically-resistant coatings on a wide variety of metal 
and ceramic products. One interesting example i s  the spraying of chromium 
oxlde (Cr203) on the p m y l l e r  shafts of large seagoing ships. The chmmium 
oxide greatly reduces erosive wear, provides a good surface to seal  against 
(after surface grinding to achieve a suttahle surface finish), aod inhibits 

( seawater corrosion. 
I Coatings are also applied to provide thermal protection. Stabilized 

Zfl2 has a very low thermal conductivity and emissivity and i s  applled to 
stainless steel and superalloy parts as a thermal harrier coating. Although 

I other oxide ceramics have similar thermal propertias, ZrOZ was selected 
because i t  has a coefficient of expsnsion similar to the metals. This i s  one 

'case  for a ceramic where a high coefficient of thermal expansion ia beneficial. 
An important advantage of molten particle spray techniques is  that a 

'wide range of size and shape of substrates can be coated. On-site repairs 
a r e  even feasible. Flame spray has great  versatility and an engineer should 
be aware of the various techniques, sources, and capabilities. 

1 

All of the densification processes discussed s o  fa r  involve high-tempera- 
1 b e  operations to achieve a strong, useful part. Another important approach 

is cementiciacs bonding, in which an inorganic ceramic adhesive bonds 
together an aggregate of ceramic particles. The adhesion results primarily 

from hydrogen bndlng. The resulting materials are not of high strength, 
but a r e  adequate for many wear-resistance, building, and refractory appli- 
cations. M a p r  advantages a re  that the cement can be poured, troweled, 
o r  gunned into place, has little dimensional change during setting, and can 
be repaired on-site. 

Many different cements have been developed, ranging from common 
concrete to very high temperature furnace linings. The cements can be 
classified according to the mechanism of bind formation: hydraulic bonds, 
reaction bonds, and precipitation bonds ll81. 

Hydraulic Cements Hydraulic cements se t  by interaction with water. The 
most common hydraulic cement i s  portland cement, which i s  primarily an 
anhydrous calcium silicate., It i s  slightly soluble in water and se ts  by a 
combination of solution-precipitation and reaction with water to form a 
hydrated composition. The reaction i s  exothermic and care  must be taken 
lo ensure that adequate water is initially present and that the heat of reac- 
tion does not dry  out the cement prematurely. This explains why a compe- 
tent cement contractor keeps the surface of freshly laid concrete damp. 

The ratio of water to cement in the initial mix has a primary effect on 
the final strength of the cement. As long as adequate water i s  added for 
hydration and for workability, the lower the water-to-cement ratio, the 
higher the resulting strength. 

Calcium aluminate cements a r e  also hydraulic setting, but have much 
higher temperature capability than portland cement and a r e  thus used for  
refractory applications .such as furnace linings. Other hydraulic cements 
include natural lime-silica cements, barium silicate and barium aluminate 
cements, slag cements, and some ferrites. 

Similar to hydraulic cements a re  gypsum cements such as plaster of 
paris and Keene's cement. They se t  by a hydration reaction but a r e  much 
more soluble than the hydraulic cements and recrystallize to a highly 
crystalline structure that has little adhesion. Rather than being used for 
bonding aggregates, plaster of paris i s  used alone to make wallboard, plas- 
ter molds for slip casting and metal casting, and decorative knick-knacks 
and statuettes. 

Reaction Cements. Reaction cements a re  formed by a chemical reaction 
between two constituents other than water. One of the most common is  
monoaluminum phosphate, formed by the reaction of aluminum oxide powder 
with phosphoric acid. This cement sets in a i r  a t  i w m  temperature, but is 
usable over a very broad temperature range. Above 310°C (500DF) the 
cement is dehydrated to form the metaphosphate, which is then stable UP to 
very high temperature. In fact, the strength increases as the temperature 
is increased. 

Most metal oxides form phosphate cements when reacted with phosphoric 
acid. In addition to A1203, the following metal oxides have been shown by 





Some ceramic parts can be fabricated to net shape by the methods described 
m Chap. 7. However, more frequently, machining of some of the surfaces 
i s  requred to meet dimensional tolerances, achieve improved surface fin- 
ish, or  remove surface flaws. This machining can represent a significant 
portion of the cost of fabrication and thus should be minimized and conducted 
as  efficiently as  possible. 

8.1 MECHANISMS OF MATERIAL REMOVAL 

1 Ceramic materiala are difficult and expensive to machine due to their high 
hardness and brittle n a b e .  Machining must be done carefully to amid 

1 brittle fracture of the component. Most ceramics cannot he. successfully 
machined with the type of cutting tools used for metal because these tools 
are  either not hard enough to cut the ceramic o r  because they apply too 
great a local tensile load and cause fracture. The tool must have a higher 
haFdoess than the ceramic being machined and must be of a configuration 
that removes surface stock without overstressing the component. 

Ceramic material can be removed by mechanical, thermal, o r  chemical 
action. Mechanical approaches are  used most commonly a d  are discussed 
first. They can be divided into three categories: mounted abrasive, free 
abrasive, and impact. 

Mounted Abrasive Machining 

Mounted abrasive tools consist of small, hard, abrasive particles bonded 
to o r  immersed in a softer matrix. The abrasive particles can be Sic, 
A12031 A1203-Zr02, o r  other hard ceramic material, and the matrix can 
be rubber, organic resin, glass, o r  a crystalline ceramic composition 
softer than the abrasive particles. Good examples are the wide variety of 
grinding wheels used extensively in home workshops and industry. For 

I 

260 

machining very hard ceramics such as  A1203, SigNq, and Sic, diamond i s  
usually the most efficient abraaive, mounted in a matrix of soft metal o r  
organic resin. 

Mounted abrasive tools can be made in a wide variety of configurations 
and compositione. Coarse abrasives are used for rough machining, where 
rapid stock removal is desired. Finer abrasives are used for final ma- 
chining, where close tolerances and smooth surface finishes are  required. 

Stock removal is achieved by moving the tool in relation to the ceramic 
worlrpiece while simultaneously applying pressure. The abrasive particles 
are  small and irregular in shape such that a sharp corner of the particle ia I 

usually in contact with the ceramic. This small contact area produces high 
localized stress concentration and the particle plows a microscopic groove 
across the surface of the ceramic. The larger the abrasive, the Larger 
the groove and the greater the depth of damage in the ceramic. This will 
he discussed in more detail later in a section on effects of machining on 
material strength, including suggested procedures to minimize strength 
reduction. 

Free Abrasive Machining I 

Free abrasive machining consists of the use of loose abrasive and is usu- 
ally used for achieving the final surface finish with very fine particle size 
abrasive. Lapping i s  the most commonly used free abrasive approach. 
m e  fine abrasive is placed on a soft material such as cloth or  wood, which 
i s  then moved in relation to the ceramic being lapped. Became of the fine 
abrasive size, material removal rate is very slow. However, very smmth 
surfaces with flatness measured in wavelengths of light can be achieved. 
These surfaces result in very low fiiction and have been uaed in bearing 
and seal applications. 

Free abrasive is also used in trepanning. This is a technique used for 
drilling circular holes in a ceramic. The tool consists of a thin-walled 
hollow cylinder of a soft metal such as  brass. The loose abrasive is placed 
between the tool and the workpiece together with a coolant such as water o r  
oil, and pressure Ls applied simultaneously with rotation to achieve grind- 

I. inp action. 

Impact Abrasive Machining 

The two previous machining methods remove stock essentially by sliding 
motion. Material can also be  removed by impact. Smdblasting is the pri- 
mary impact approach. Abrasive particles are  carried by compressed a i r  
through a nozzle which directs them at high velocity against the workpiece. 
Rate of material removal for a ceramic increases with paxticle size, hard- 
ness of the abrasive and velocity, and for angles of impingement approaching 
90". AI2O3 and SiO2 are  the most commonly used abrasives. 
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Sandblasting has been used in sculpture and for fabrication of tomb- 
stones, but i s  not used offen for fabrication of ceramic components for  
engineering applications. The primary drawbacks a re  difficulty in achieving 
close tolerances o r  a uniform surface. 

Sandblasting is used for cleaning the surface of ceramics and also as a 
teat method for evaluating the wear reslatance of materials. 

A second type of impact machining m a k s  use of ultrasonics. However, 
the nature of the impact i s  signiticantly different than that which occurs 
during sandblasting. In ultrasonic machining the abrasive is suspended in 
a water slurry which flows over the surface of the tool. The tool is vibrated 
a t  high frequency, whicb accelerates each abrasive particle over a very 
short distance to strike the worlcpiece. Impact occurs only where the tool 
i s  in close pmdmity  to the workpiece, so that close tolerances can be 
achieved by contml of the tool and abrasive dimensions. No pressure is 
applied between the tool and abrasive s o  that very little strength-limiting 
damage to the ceramic results. Boron carbide la frequently used as the 
abrasive because i t  i s  harder than most other ceramics (except dia- 
mond), is less expensive than diamond, and is available in narmw size 
ranges. 

Chemical Machining 

Chemical machining i s  used primarily to achieve improved surface finish 
and thus increased strength o r  decreased friction. It is achieved by im- 
mersing the surtace to be machined into a liquid in which the ceramic is 
soluble. Most silicate glass compositions can be etched o r  chemically 
machined with hydmfluoric acid (HF). A1203 can be etched with molten 
NazB407. These treatments are often referred to as chemical polishing 
because they produce such a smooth surface. 

Photoetching 

Some glass compositions can be chemically machined into very complex 
geometries using photoetching Ill. One such glass contains CezO3 and 
Cu20. A mask o r  photo negative is  placed on the glass anl irradiated with 
ultraviolet light. In the unmasked areas the Cu20 is reduced by the Ce203 
by the reaction ce3+ + CU+ -+ ce4+ + Cu. The glass is then exposed to 
a contmlled heat treatment in which the Cu particles act as nucleation 
si tes for localized crystallization. The crystallized material can be 
etched in hydroflvnric acid a t  a rate 15 tlmes the rate of the original 
glass. 

Some very intricate configurations have been produced by this photo- 
etching technique. An example la a 600-mesh sieve. 

Electrical Discharge Machining 

Electrical discharge machining (EDM) can be performed only with electri- 
cally conductive materials. A shaped tool i s  held in close proximity to the 
part  being machined, retaining a constant predetermined gap with the use of 
a servomechanism that responds to change in the gap voltage. A dielectric 
liquid is  flowed continuously between the tool and workpiece. S p a r k  pro- 
duced by electrical discharge across this dielectric erode the ceramic by a 
combination of vaporization, cavitation, and thermal shock produced by the 
intense local heating 121. 

EDM has been used successfully with conductive carbides, silicides, 
b r i d e s ,  and nitrides. The advantages a re  that no mechanical load i s  ap- 
plied during EDM and that holes, recesses, and outer dimensions can be 
produced in the same types'of shapes that could be formed in metal by 
stamping or in dough by a cookie cutter. The disadvantages a r e  the slow 
rate of cut, the limitation to conductive materials, and the relatively p r  
surface finish achieved. The surface is trpically pitted and microcracked 
and result6 in substantial strength reduction. 

U s e r  Machining 

Only a few studies have been reported on laser machining of ceramics. 
Lumley 131 reports the we of laser machining to score AIZOg electronic 
substrates to allow them to be fractured to the desired size. The mechan- 
ism of material removal appeared to be localized thermal shock spalling. 

Copley e t  al. 141 have reported machining of Sic,  Si3N4, anl SiAlON 
using a C02 laser. In thia case material removal was apparently by evap-  
ration, since all three of these materials decompose rather than melt. A 
hobpressed SigNq cylinder containing 1/4 in. x 20 threads was laser ma- 
chined from rectangular stock. A SiAlON cylinder was also machined. 
Surface finish measurement determined that the maximum mnsmoothnesa 
fmm peak to valley was 7.5 pm. This suggests that laser machining of 
ceramics may be a feasible approach and should be evaluated further. In 
particular, the effects on material strength should be assessed. 

8.2 EFFECTS ON STRENGTH 

To understand the effects of machining on the strength of a ceramic materi- 
al, we must examine the interactions that occur at  the tool-workpiece i n t e r  
face and define the flaws that a r e  initiated in the ceramic. First ,  let us 
consider a single mounted abrasive particle plowing a Eurrow in a ceramic 
workpiece. Material directly in the path of the abrasive particle sees  very 
high s t ress  and temperatures and is  broken and deformed. Material adjacent 
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Figure 8.1 Schematic sbwing the c r a c k  and material deformation that 
occurs during grinding with a single abrasive particle. 

to the abrasive particle is placed in compression and may alec deform 
plastically. After the abrasive particle passes, this material rebounds and 
either cracks o r  spalh off, due to the resulting tensile stresses 15,61. 
Thus the size of the machining groove for most ceramics is larger than the 
size of the abrasive particle. 

Figure 8.1 shows schematically the types of cracks that can form adja- 
. cent to the grinding groove 11-101. The median crack is parallel to the 

direction of grinding and perpendicular to the surface, and results from the 
high stresses at the bottom of the grindlng groove. Because it is parallel 
to the direction of grinding, it has also been called a longitudinal crack. It 
is usually the deepest crack and plalucea the greatest strength reduction. 

. Lateral cracks are parallel to th6 surface and extend away from the 
, plastic zone. They result from the high tensile stress that exists at the 

edge of the pQstic zone and extend as the material relaxes immediately 
after the abrasive particle passes. Lateral cracks tend to nrrve toward 
the Surface and often result in a chip spalling off. Because lateral craclra 
are parallel to the surface, they do not result in stress concentration during 
suheequent mechanical loading and thus do not significantly reduce the 
strength of ths material. However, they do account for a substantial por- 
tion of stock removal during grinding. 

Radial cracks normally result from single particle impact or  indentation 
.and extend radially from the point of impact. They are perpendicular to the 
surface, but are usually shallow and do not degrade the strength as much 
as a median crack. The c r a c b  shorn in Fig. 8.1 which are perpendicular 
to the grinding groove are analogous to radial cracks. There can be many 
of these along the length of the grinding groove. They have been referred 
to in the literature as transverse, c.hatter, or  crescent cracks, but their 
mechanism of formation has generally not been discussed. It is most likely 
p a t  they are initiated by the Ngh tensile stress that arises at the trailing 
edge of the contract of the abrasive particle and the workpiece. This biaxial 
stress mechanism for high-friction situations was discussed in Chap. 3. 
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Effect of Grinding Direction 

Most ceramics are machined with tools containing many abrasive particles 
rather than just one single pint .  However, it is likely that the resulting 
surface flaws are similar for both types of tools and that the median and 
radial cracks control the strength. Which flaw controls the strength depends 
on the orientation of the grinding grooves to the direction of stress applica- 
tion. This is shown schematically in Fig. 8.2 for specimens loaded in 
bending. 

As  the load is applied and the specimens begin to bend, stress concen- 
tratidn will  occur at the tips of cracks perpendicular to the stress axle but 
not at cracks parallel to the stress axis. Thus for specimens ground in the 
lonpitudinal direction, stress concentration will occur at the radial (trans- 
verse) cracks, and for specimens ground in the transverse direction; stress 
concentration will occur atthe median (longitudinal) cracks. Since the 
median cracks are usually the most severe, one would expect the strength 
to be lowest for transverse grinding, where the grooves and median cracks 
are perpendicular to the tensile stress axis. This can be seen in Table 8.1. 

From Table 8.1 i t  is obvious that substantial differences in Load-bearing 
capability for a ceramic component can result, depending on the orientation 
of grinding with respect to the stress distribution in the component. This 
anisotropy of strength is an imprtant consideration for an engineer designing 
a component that must withstand high stress. 

RADIAL . .. .- . - 
CRACK 

RADIAL CRACK 
WILL EXTEND I 

I 

LONG~TUD~NAL GRINDING 

I 

TRANSVERSE GRlNDlNG 

Figure 8.2 Grinding direction and crackdistribution versus tensile stress 
&. 
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Table 8.1 Strength Versus Grinding Direction Orientation with Respect to 
Tensile Stress A d s  

1,ondtudinal Transverse 
grinding grinding 

Material MPa psi MPa Psi 

Hot-pressed Si3N4 669 97,000 428 62,000 

Soda-lime glass 97 14,100 68 9,900 

Mullite 319 46,300 259 37,600 

- -- 

Source: Refs. 11 (Si3N4 data) and 12 (data for other materials). - 
Effects of Microstructure 

The microstructure of the ceramic material has a pronounced effect on the 
rate of machining and on the residual strength after machining. Rice I51 
reporta that fine-grained ceramic8 require higher grinding force and longer 
time to slice o r  machine. This i s  shown for several ceramic materials in 
Fig. 8.3. Uniformly distributed porosity increases the rate of machining, 
but also decreases the smoothness of surface finish that can be achieved. 

The degree of strength reduction resulting from machining is  dependent 
on a comparison of the size of flaws initially present in the ceramic to those 
pmduced by machining. Machining has very little effect on the strength of 
ceramlcs containing h~gh  porosity o r  large grain s i r e  because the flaws 
introduced durlng machlnlng are no largcr than the microshucture flaws - 
initially present. On the other hand, the strength of fine-grained ceramics 
such as most Si3N4 and A1203 can be reduced signi5cantly. 

Effects of Griedlng Parameters 

m e  parameters selected for machining a ceramic have a large effect on 
the rate of machining and t w l  wear and on the resulting properties of the 
ceramic. Table 8.2 summarizes general trends associated with variations 
in individual machining parameters. It should be emphasized that these 
are just trends and that they may not hold hue for all ceramic materials 
and all levels of variation. Also, most of these parameters a re  interactive 
and may have a different effect when combined than when considered in- 
dividually. 
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Figure 8.3 Effect of machining rate on grain size. (From Ref. 5.) 

Large abrasive particles result in a greater depth of grinding damage 
and a r e  used for roughing operations. Finer abrasives a re  used to remove 
the subsurface damage produced by the Large abrasive during roughing and 
to achieve the final tolerances and surface finish. 

To achieve maximum strength, grinding is  usually done in several 
steps, decreasing the abrasive size in each step and removing enough SUP 

face stock to remove subsurface damage resulting from the prior step. 
Sometimes, intermediate machining steps a re  skipped to save time and 
decrease cost. The desired tolerances and surface finish can be achieved, 
but the strength requirements may not, and the component may fail in 
service. 

Harder ceramic materiala a re  more ditEicult to cut and grind than 
softer materials and require higher force. This results in increased wheel ! 
wear, higher interface temperatures, and greater danger of damage to the 
ceramic. Increased wheel speed decreases the required force and usually 
results in lower tool wear, lower temperatures, and less surface damage. 
The use of water o r  other suitable lubricant o r  coolant provides similar 
benefits . 

Minimizing Machining Effect on Properties 

The deleterious effects of machining on ceramic properties can be de- 
creased by experimental optimization of the machining parameters. This 
includes selecting the appropriate abrasive and wheel bond, wheel speed, 
downfeed, coolant, and abrasive size sequence. Postmachining procedures 



Table 8.2 Effects of Macbinfne ~ a r m e t f i ~ .  - - -------- 
Effect on machining 

Parameter variation 
Effect on material 

ratea Effect on tool weara strengtba 

Increasing abrasive size Increases rate Depeoda more on other 
Decreases strength 

faotora 

Increasing downfeed o r  Increases rate 
table speed 

- - 

Increases wear Decreases strength 

Increasing wheel speed Increases rate Ueually decreases wear Increases strength 
Use of lubricants and May increase rate Usually decreases wear Usually increases strength 

coolants 

Increasing abrasive Increaees rate Decreases wear Depends more on other 
hardness factors 

Changing abrasive con- Different optimum for Can be optimized Can be optimized 
centration and wheel different materials 
bond and configurations 

a ~ e l a t i v e  to an arbitrary baseline. 



Blind holes and intersecting holes lapped to 0.000005 in. (0.000127 mm) 
dimensional tolerance and roundness to 0.000005 in. (0.000127 mm) 

Radial and spherical concave and convex surfaces lapped to witbin 0.000010 
in. (0.00025 mm) of true radius and 0.000010 in. (0.00025 mm) round- 
ness." 

Most applications do not require such precise lapping. Some of the 
more critical applications in k r m s  of surface finish o r  tolerances include 
optical glass, laser ceramics, bearings, seals, some papermaking com- 
ponents and thread guides. 

Anneal?ng Since ceramic materials a re  normally processed at  very high 
temperature, internal stresses often result during cooldown. Sometimes 
these residual stresses can improve strength, but often they reduce strength. 
Annealing at  high temperature followed by slow moldown can oftan relieve 
these stresses. Annealing can also relieve surface stresses resulting from 
machining and actually heal subsurface flaws such aa median cracks. An- 
neallng can also crystallize glass phases and achieve improved strength o r  
stability. 

OxidaUon Oxidation h a  been demonstrated to increase the strength of 
machined hot pressed Si3N4 I l l l  and other nitrides and carbides. In the 
cage of SigNq, the reaction Si3N4 -43Si02  + 2N2 can increase the strength 
by completely removing the depth of surface containing the residual machin- 
ing cracks o r  by rounding the crack tip and reducing s t ress  concentration. 
This approach was used effectively for improving the load-bearing capability 
of hot-pressed Si3N4 rotor blades 1111. The blade machining process re- 
sulted in transverse grinding perpendicular to the tensile s t ress  axis such 
that the median crack waa strength controlling. The as-machined strength 
was about 428 MPa (62,000 psi). Oxidation at  960'C (1800°F) for 50 hr  
increased the strength to 635 MPa (92,000 psi). 

Chemical Etching Chemical etching has been used for many years for r e  
moving machining o r  other surface damage, especially the use of bydro- 
f lwricacid  with glass. Strength increases greater than tenfold have been 
achieved both for glass compositions and for oxide ceramics. 

Surface Compression Placing the surface in compression obviates the ef- 
fecta of surface flaws by preventing concentration of tensile stresses a t  the 
crack tip. The surface compressive s t ress  must first be exceeded by an 
applied tensile s t ress  before the s t ress  concentration will begin to build up 
and lead to crack propagation. 

Perhaps the mostcommon example of surface compression is in safety 
glass. Surface compression is  achieved in glass most commonly by either 
ion exchange o r  quenahlog. In the former case, glass i s  exposed at  elevated 

tsmperature to positive ions that a re  larger than those initially in the glass. 
Since the glass struchtre is expanded at  the elevated temperature, these 
larger ions are able to trade places with smaller ions near the surface. 
When the glass i s  cooled, these ions no longer fit, but a re  trapped in the 
structure and result in surface compression. An example is that of ex- 
changing calcium ions for sodium ions. 

Ion exchange can a k o  be applied to crystalline materials. The exchange 
ion can cause compression by size difference o r  by producing a surface 
composition with a lower coefficient of thermal expansion 1131. 

Quenching has also been !mown for a long time as a method of improving 
strength. Kirchner 1131 discusses in detail the use of quenching to strengthen 
Al2O3, TiO2, spinel, steatite (MgSiOs), forsterite (MgzSi04), SIC, and 
SigNq. Quenching A1203 rods from 1600°C into a silicone oil resulted in an 
increase in the average strength from 331 MPa (47,900 psi) to 694 MPa 
(100,600 psi). 

For quenching to be effective, the material must be heated to a tem- 
perature such that some plasticity is present. A temperature of 1500 to 
1600°C is appropriate for A1203, but 1900 to 2000°C is  required for Sic. 
During quenching the surface cools very rapidly and i s  placed in mmpres- 
sion aa the interior cools more slowly. 

Surface compression can also be achieved with glazes (glass surface 
coatings). The glaze composition is  selected to have a lower coefficient of 
expansion than the matrix material. For instance, Kirchner used a glaze 
with a thermal expansion of 5.3 x 10-6 per "C for coating A1203 with a 
thermal expansion of 6.5 x loe6 per 'C. Glazes can be used in conjunction 
with quenching o r  ion exchange to achieve additional benefits. Kirchner 
achieved a strength of 767 MPa (111,200 psi) for A1203 that was glazed and 
qwnched, compared to 331 MPa (47,900 psi) for as-received material. 

Flame Polishing Flame polishing is used primarily for reducing the size 
and quantity of surface flaws in small-diameter rods o r  filaments, especi- 
ally of sapphire o r  ruby (single-crystal A1203). Flame polishing is  con- 
ducted by rotating the rod o r  filament and passing it through a Hz-02 flame 
such that the thin surface layer melts. Noone and Heuer I141 report bend 
strength8 for flame-polished ruby and sapphire in the range 4000 to 5000 
MPa (580,000 to 724,000 psi) compared to approximately 300 MPa (43,500 
psi) for as-ground Bpecimens. Stokes f151 compares the tensile strength 
of flame polished alngle-crystal Also3 with other surface preparations. 
His results a r e  summarized in Table 8.3. 

Stokes I151 also discussed the effects of machining on properties other 
than strength. The shape of the hysteresis loop in magnetic ferri tes i s  
significantly changed by near-surface stresses resulting from machining. 
Polishing, annealing, and etching procedures a re  routinely used to attain 
reproducihly the desired loop shape. Electrical and optical properties a r e  
also affected strongly by machining and surface cundition. 
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Table 8.3 Surface Preparation Versus Tensile Strength for 

Single-Crystal Ala0.l - - 
Tensile strength 

Surface preparation MPa 
Psi 

As-machined 440 60,000 

Polished by centerless grinding 590 90.000 

Annealed in oxygen after polishing 1,040 150,000 
I by centerless grinding 

Chemical polished with molten borax 6,860 1,000,000 I Flame polished 7,350 1,100,000 

Pristine whiskers 15,900 2,300,000 

Source: Ref. 15. - 
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