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Preface

The need for a book such as this one has been impressed on me by
my experience in teaching and studying ceramics; my appreciation of
this need has been strengthened by numerous contacts with industrial
and research scientists and ceramic production engineers. The basis
of the book can for the most part be expressed in the idea that ceramics
ate better considered as a class of materials than the product of a
special industry. This contention is reinforced by the fact that most
of the new ceramic products of the last twenty years have been de-
veloped through the efforts of users rather than by the traditional
ceramic industry.

The present book does not discuss ceramic engineering as such.
However, it is clear that the engineer must understand ceramic mate-
rials and ceramic processes as a basis for engineering applications.
Although it would be a great advantage to have available a text which
considered ceramic processes and ceramic engineering from a general
point of view, engineers entering the ceramic industry cannot afford
to do without the principles required as a basis for that subject. Mere
familiarity with current engineering practices is not sufficient; re-
cently this was made clear when many pottery manufacturers found
it expedient to enter new product areas such as dielectrics, magnetic
ceramics, and optical ceramies.

Scientists and engineers realize more and more that many of the
compartments into which knowledge is divided and the barriers be-
tween them .are artificial and are based largely on ignorance. For
example, separate discussions of glass formers as applied to volcanic
ash, porcelain enamels, ceramic glazes, frit porcelains, encapsulating
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vi PREFACE

compositions, optical glass, container glass, etc., are clearly inefficient.
The lack of general understanding thirty years ago led to traditional
divisions of course structure and subject content; these divisions can
no longer be justified. An empirical approach to ceramic technology
was necessary in the past and could not possibly be avoided because
ceramic systems are complex and were but poorly understood; this is
no longer true today.

All the standard ceramics included in separate discussions of glass,
body formulation, electrical ceramics, refractories, abrasives, glaze
compositions, etc., are included here; they have been brought in as
illustrative material at points where science and technology dictate
what these compositions are rather than as separate branches of the
industry. For example, compositions of triaxial whiteware porcelains
are determined by (a) requirements for forming, (b) requirements for
successful firing, (¢) requirements for final properties, and (d) eco-
nomic considerations. In this text whitewares are brought in under
these subject categories rather than by treating them as a separate
topic. The opportunities for teachers or readers to include additional
examples and illustrations from their own experience will be apparent.

In a broader sense the same sort of compartmentalization that is
artificial in ceramic technology is so for materials study in general.
Divisions into metallurgy, ceramics, and plastics technology are rapidly.
approaching the end of their usefulness. Students using this book
will, I hope, someday look back and view it as being too parochial.
I have tried to encourage the development of this point of view in the
text and consider it as a certain future development. In my view an
ideal arrangement for studying materials science and engineering
would be for undergraduates to study the broad principles of chemical
and physical separations, material properties, and materials processing.
Specialization in ceramics, ceramic engineering, metallurgy, metallurgi-
cal engineering, plastics technology, etc., should come only in the final
-year. So far as I am aware, this is nowhere being done in 1960, al-
though it is the object of much discussion at various universities.

This book in mimeograph form has been used at the Massachusetts
Institute of Technology as the text for two subjects in ceramics. Parts
IIT and IV form the basis of a one-term subject for undergraduate
juniors or seniors who have had a previous. introduction to physical
metallurgy and are thus familiar with the first principles of crystal
structure and phase diagrams. Without this preparation, two terms
would be required to cover the same material adequately. Most stu-
dents have had a previous course in ceramic processes, but this is not
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PREFACE vii

required. Material included in Part V forms the major part of a course
on physical ceramics designed principally for graduate students; seniors
with good records are allowed to attend and have done well. There
is some feeling that a two-term sequence with Chapters 19 and 20
taken up separately would have advantages.

In preparing the text a considerable amount of material was included
that had been but recently investigated and reported in the technical
literature, with the disadvantage that some of it will have to be
changed as our understanding and interpretation improve. However,
much of this material is important for current and developing applica-
tions of ceramics. I have freely included my own opinions, many of
which have not been proved and may change in the future.

This book is really the product of many individuals who have kin-
dled, sustained, and furthered my interest in and understanding of
ceramics. In particular, I should like to mention Dr. J. E. Burke,
whose parallel interests in physical ceramies have led to many fruitful
discussions and new understanding, Professor F. H. Norton, who first
introduced me to ceramics, and Professor John Chipman, who has
provided advice, encouragement, and assistance at critical junctions.

W. D. KINGERY
~Cambridge, Massachusetts
November 1960
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INTRODUCTION

This book is primarily concerned with understanding the development,
use, and control of the properties of ceramics from the point of view of
what has become known as physical ceramics.

Until a decade or so ago, ceramics was in large part an empirical art.
Users of ceramics procured their material from one supplier and one
particufar plant of a supplier in order to maintain uniformity (some still
do). Ceramic producers were reluctant to change any detail of their
processing and manufacturing (some still are). The reason was that the
complex systems being used were not spfficiently well known to allow the
effects of changes to be predicted or understood, and to a considerable
extent this remains true. However, the fractional part of undirected
empiricism in ceramic technology has greatly diminished.

Analysis of ceramics shows them to be a mixture of crystalline phases

“and glasses, each of many different T ions, usually bined with
porosity, in a wide variety of proportions and arrangements. Experience
has shown that focusing our attention on the structure of this assemblage
in the broadest sense, from the viewpoint of both the origin of the
strueture and its influence on properties, is a powerful and effective
approach. This concentration on the origin of structure and its influence
on properties is the central concept of physical ceramics.

To be fully fruitful, structure must be understood in its most com-
prehensive sense. On one hand, we are concerned with atomic structure—
the energy levels in atoms and jons that are so important in understanding
the formation of compounds, the colors in glazes, the optical properties of /
lasers, electrical conductivity, magnetic effects, and a host of other'
characteristics of useful ceramics. Equally important is the way in which
atoms or ions are arranged in crystalline solids and in noncrystalline
glasses, from the point of view of not only lattices and ideal structures but

1
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also the ra i
el Site:di")lr;r::[si:.o’r ordering of thf: atoms and Jattice defects such as
i )optical lix utor{ls, an.d so!xd solutions, Properties such as heat
e d}electdc pazgertles, dlfl'uslon. mechanicaj deformation, cleav-
silen o magnetic prop;rties are influenced by these
o dis'loCaz ures from crystalline perfection at line imperfec-
P it L ;::h;:‘i a:; zlsxtrfﬁz::ztd inte;‘faces also have a critical
= s s i 1es of real systems.
poms([y_ti:egﬂ ;v:l‘ tth(;‘ arrang.ement of phasekcrys(alline, glass.
L aon rolling, as is the nature of the boundaries betWeel;
B Grttiug hpercer}t porosity changes a ceramic from transparent
- A change in pore morphology changes a ceramic from

asti| i
gastight to permeable. A decrease In grain size may change a ceramic’

rom weak ap Tiable g ough. One xeiractmy with
fi k d f to stron and t h.

gl .
crystal-cr ystal bonds and a fﬂlge glass content withstands deformation at

foducis i e "
gm'c)le:tti,e;noz;id:‘l;r:, it provides the basis for undcrstanding the resuitant
it g [:re of 'two or more_ phases. Such understanding must
o b "e basis for effective control and use; it js not only
anernative_.ngi r|1n eta elctually but also more usefu] practically than the
e e Sg Aof ca:;n by rote the characteristics of thousands of
it provides g singl;a bazirst f?)rral:l:::::tge gf o e e
and uses of both new ceramics and t?':d:;ir::le cﬁiﬁgg:; e

Ceramic
Processes
and Products’

We define ceramics as the art and science of making and using solid;
articles which have as their essential component, and are composed in;
large part of, inorganic nonmetallic materials. This definition includes notf
only materials such as pottery, porcelain, refractories, structural clay!
products, abrasives, porcelain enamels, cements, and glass but also|
nonmetallic magnetic materials, ferroelectrics, manufactured single crys-,
tals, glass-ceramics, and a variety of other products which were not in}
existence until a few years ago and many which do not exist today.

Our definition is broader than the art and science of making and using:

» solid articles formed by the action of heat on earthy raw materials, an;
extension of the Greek word keramos, and is much broader than a
common dictionary definition such as “pottery” or “‘earthenware.” Mod-|
ern developments in methods of fabrication, the use of materials to closej
specifications, and their new and unique properties make traditional
definitions too restrictive for our purposes. The origination of novel
ceramic materials and new methods of manufacture requires us to take a
fundamental approach to the art and science and a broad view of the field.!

L1 The Ceramic Industry p

The ceramic industry is one of the large industries of the United States,
with an annual production of nearly $20 billion in 1974, i

One important characteristic of the ceramic industry is that it is basic to
the successful operation of many other industries. For example, refract
tories are a basic component of the metallurgical industry. Abrasives are
essential to the machine-tool and automobile industries. Glass products
bile industry as well as to the architectuml;

are ial to the au

electronic, and electrical industries. Uranium oxide fuels are essential tq

the nuclear-power industry. C ts are tial to the archil al and
5 i
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| 6 INTRODUCTION TO CERAMICS

| inorganic nonmetallic crystalline solids formed by complex geologic
i processes. Their ceramic properties are largely determined by the crystal
i structure and the chemical composition of their essential constituents and
| the nature and amounts of accessory minerals present. The mineralogic
| characteristics of such materials and therefore their ceramic properties
| are subject to wide variation among different occurrences or even within
the same occurrence, depending on the geological environment in which
the mineral deposit was formed as well as the physical and chemical
modifications that have taken place during subsequent geological history,
Since silicate and aluminum silicate materials are widely distributed,
they are also inexpensive and thus provide the backbone of high-tonnage
products of the ceramic industry and determine to a considerable extent
its form, Low-grade clays are available almost everywhere; as a result,
the manufacture of building brick and tile not requiring exceptional
properties is a localized industry for which extensive beneficiation of the
raw material is not appropriate. In contrast, for fine ceramics requiring the
use of better-confrolled raw materials, the raw materials are normally
beneficiated by mechanical concentration, froth floatation, and other
relatively inexpensive processes. For materials in which the value added
during manufacture is high, such as tic. ceramics, lear-fuel
materials, electronic ceramics, and specialized refractories, chemical
i purification and even chemical preparation of raw materials may be
. necessary and appropriate.
i The raw materials of widest application are the clay minerals—fine-
particle hydrous aluminum silicates which develop plasticity when mixed
with water. They vary over wide limits in chemical, mineralogical, and
physical characteristics, but a common characteristic is their crystalline
layer structure, consisting of electrically neutral aluminosilicate layers,
which leads to a fine particle size and platelike morphology and allows the
particles to move readily over one another, giving rise to physical
' properties such as softness, soapy feel, and easy cleavage. Clays perform
, two important functions in ceramic bodies. First, their characteristic
plasticity is basic to many of the forming processes commonly used; the
ability of clay-water compositions to be formed and to maintain their
: shape and strength during drying and firing is unique. Second, they fuse
| over a temperature range, depending on composition, in such a way as to
become dense and strong without losing their shape at temperatures
which can be economically attained.
| The most common clay minerals and those of primary interest to
ceramists, since they are the major component of high-grade clays, are
‘based on the kaolinite structure, AL{Si,0s}OH). Other compositions
| often encountered are shown in Table 1.1.

i
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Table1.l. Ideal Chemical Formulas of the Clay Minerals

inite  ~ AlSix0s)(0H)s
g:%t‘;‘sﬁe Ah(s'lxos)(()ﬁ)rﬂ'ho
Pyrophyllite Ala(Si:09)0H)z
i A Nh,aa) (Si:06)2(0H)2

Montmorillonite 6 Meoss i

i K(Si1.sAl0.s0s)2(OH)2
%‘:: ﬁi»fb’?&ixfiin(sh.a«w\h.a-woﬁ)z(OH)z

11

e

lated material is talc, a hydrous magnesiU{n silicatt:.dw;tlhiz)};)l']z
trt(:l:.\re ‘similar to the clay minerals and ha\{mgf th:hl :]mufacmrc
S 81,05):(OH).. Talc is an important raw material or el oo
N;g’(l étr;cal and electronic components an:! for maklpgh l: y;eaﬁbmus
o ef;-;al's are a group of hydrous magnesium. snlxcates.wohuz) - )a
r:;:cmw. The principal variety is chrysotile, Mg;Slz :;(anh;;l:ous iica
In addition to the hydrous silicates alread_y.dxscusse ,h P
dn silicate materials are basic raw materials for muc 103 .
?ndustry Si0, is a major ingredient in glass, glazgs. enamed ,because i
";o ’ve; and whiteware compositions. It is ‘WIdel.y usebl e
P i,ve. hard, chemically stable, and relatively infusable ah‘Ch <
“;::‘i?e‘:; fo;m gla’sses. There is a variety of mmaral.fo:.'ms l:l’t vs; 11 e
- but By far the most important as araw material is qu 1z Sint The
mi;u\:z;tzite rock, as quartz sand, and as finely g;?u}r;d pﬁtstie;ss i lilghny
¥  thi ial i which co
i of this material is sarsdstone, h -
majgr dSO:Z:z grains. A denser quartzite, gannister, is used for tcsza;:tbu};
g‘r)'l:.ke Q?mrtz’is also used in the form of large, n.early pterlfec'tn :?u{au:ued
thlese. have been mostly supplanted by synthetic crystals,
by a hydrothermal process.h
Together with quartz, Wi s as
i i ticity, celaint
i and clay, which provides plas =R
Stlt}l?ﬂ;‘ ‘nvent:ad in China) include feldspar, an an!iydrous alux:}:’ st
i t};ilning K*, Na*, or Ca*" as a flux which alfls in the formati ofe
c?;:sct;ms& The ,maior materials of com.mcrcml :lntefrt:;ts al;e (:Eige),
?e\dspar (microcline or orthoclase), Ik{éf:.])Sx,)c(;;,A t)Sl a)O:: 0?‘:;‘ o]
i i northite), 2)Os. ;
Na(Al'S:;)O., am'i hme:-l::(l‘ds;:r (a, 1i yenite, a quart'zfreer 1grfe;l;\‘s’
Toac':r:irsnposed of nephelite, Na;(A!;fSi;}l(?,,ta!b;?‘;e::;i m:ﬁ;o:i;ﬁi;a .
ite, CaSiO;. One group of SE .xca e N e oF
;‘Z:L;s‘(;\r;lvir;g the composition ALSIOs, is used for the manufact

refractories.

ich serves as a refractory ba_ckbone con-
traditional triaxial porcelains

Masimo Ex. 1046

IPR Petition - USP 10,627,783
MASIMO 1054
Masimo v. Apple
IPR2023-00734



“ INTRODUCTION T0 CERAMICS

: Mofs! of tlge naturally occurri.ng r{onsilicate materials are used primarily
s retractories. Aluminum oxide Is mostly prepared from the mineral
:ﬁ;u;i‘; bz ;he Bay.er prgces:, which involves the selective leaching of the
: caustic soda, followed by the recipitati i
h‘ydronde. S.Dme bauxite is used direct):y in ttlie eleiltzlcl?fr:xrgfaczl::)‘:ilzz
tion of alumina, but most js first purified. Magnesium oxide is produced
both from nau.lral magnesite, MgCO,, and from magnesium hydroxide
Mg(pH)z, obtained i:rom seawater or brines. Dolomite, a solid solution os.:
::lcm? and magnesium carbor}ates with the formula CaMg(CO,),, is used
w.dmla e basic brick for u_se in the steel industry. Another refractory
i eyv used for metallurgical purposes is chrome ore, which consists
primarily of a complex solid solution of spinels, (Mg,Fe)(AL,Cr),0,, which
ma!.(e up_t.nost of the material; the remainder consists of’vario:s
nesium silicates, =
Other mineral-based materials which are widely used include soda ash,
}\IaCO';, mOSfl)'l manufactured from sodium chioride; borate malerials’
;ncl{xdmg kernite, Na:B;0,4H,0, and borax, Na:B,d-,-lOH,O, used as
a:;":;zlaﬁ::-ts; ﬂ:ors‘:aar. CaF,, used_as a powerful flux for some glazes
Ca,(OH,F)(I;OT)r:, phosphate materials mostly derived from apatite,
Although most traditional ceramic formulations are based on the use of
.naturailmmetal materials which are inexpensive and readily available, :n
increasing fracuon of specialized ceramic ware depends on the availa’bil-
ity of cl!emlcally processed materials which may or may not start directly

;nc:!nom?‘e. Already mentioned, Seawater magnesia, Bayer alumina, and
bo la ash are wxdely.used chemical products. fn the manufacture of
arium titanate capacitors, chemically purified titanja and barjum carbo-

manufactured from cherr‘;izally precipitated iron oxide. Nuclear-fue]
r tured from chemically pre, ared . Sil -
tal§ of sapphire and ruby and also porefrieyp:!ycrys[ti(l:;nes l:]!ﬁ;fg:)
oxide are prepared from aluminum oxide made by precipitatin; d
careﬁ}lly calcining alum in order to maintain good contfol ofgl:)rt!h
chemistry and pm:ticle size. Special techniques of materia) preparation
S;ICh as fr(_eeze-dryxpg drop_lets of solution to form homogeneous particles
of small sxze. e_md high purity are receiving increasing attention as is the
vapor dePosntlon of thin-film materials in-g carefully controlled’chemical
and physical form.{ In general, raw-material preparation is ¢clearly headed

CERAMIC PROCESSES AND PRODUCTS 9

toward the increasing use of mechanical, physical, and chemical purifica-
tion and upgrading of raw materials together with special control of
particle size and particle-size distribution and away from the sole reliance
on materials in the form found in nature, -

Forming and Firing. The most critical factors affecting forming and
firing processes are the raw materials and their preparation. We have tobe
concerned with both the particle size and the particle-size distribution of
the raw materials. Typical clay materials have a particle-size distribution
which ranges from 0.1 to 50 microns for the individual particles. For the
preparation of porcelain compositions the flint and feldspar constituents
have a substantially larger particle size ranging between 10 and 200
microns. The fine-particle constituents, which for special ceramics may
be less than I micron, are essential for the forming process, since colloidal
suspensions, plastic mixes with a liquid-phase binder, and dry pressing all
depend on very small particles flowing over one another or remaining in a
stable pensit For pensions, the settling tendency is directly
proportional to the density and particle size. For plastic forming the
coherence of the mass and its yield point are determined by the capillarity
of the liquid between particles; this force is inversely proportional to the
particle size. However, if all the material were of a uniformly fine particle
size, it would not be feasible to form a high concentration of solids.
Mixing in a coarser material allows the fines to fill the interstices between
the coarse particles such that a maximum particle-packing density is
achieved at a ratio of about 70% coarse and 30% fine material when two
particle sizes are used. In addition, during the drying process, shrinkage
results from the removal of water films between particles. Since the
number of films increases as the particle size decreases, bodies prepared
with a liquid binder and all fine-particle materials have a high shrinkage
during drying and the resultant problems of warping and distortion.’

" In addition to a desired particle size and particle-size distribution,
intimate mixing of material is necessary for uniformity of properties
within a body and for the reaction of individual constituents during the
firing process. For preparing slurries or a fine-grain plastic mass, it is the
: usual practice to use wet mixing, with the raw materials placed together in
ball mills or a blunger. Shearing stresses developed in the mixing process
improve the properties of a plastic mix and ensure the uniform distribu-
tion of the fine-grain constituent. For dewatering the wet-milled mix,
either a filter press may be used, or more commonly spray-drying, in
which droplets of the slurry are dried with a countercurrent of warm air to
maintain their uniform composition during drying. The resulting aggre-
gates, normally 1 mm or so in size, flow and deform readily in subsequent

_forming.
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10 INTRODUCTION TO CERAMICS

o (,S,:,m;?_‘ :fh; eﬁnng process also .dapends on the capillary forces resulting
s energy to consolidate and densify the material and since
e forces are mvel:sely proportional to particle size, a substantial
gf;;:r:itage a(])f ﬁne~pa.rtlcle: material is necessary for successful firing. The
capabili':erf s arle unique in that their fine particle size provides both the
o y for pl z}stlc forming and also sufficiently large capillary forces
spc_ce§sful firing. Other raw materials have to be prepared by chemical
precipitation or by milling into the micron particle range f i
results to be obtained, ik
fofn«.:‘;::;;s ‘;:le z:m}pllehstt method of compacting a ceramic shape consists of
oo :1 : smlg. ty dan"np powder, usually with an organic binder, in
g u t:ently h}gh pressures to form a dense, strong piece.
- magneﬁcs ::ia n;);t:nsgl;:l‘l/( i?r ret:rac!rries, tiles, special electrical
T 5 -plug insulas B i
ceramics, nuc‘lear—fuel pellets, and a%ariety ot;) ;sm;sgtst;:hrex‘;lht;;hl!;lcal
numbers of simple shapes are required. It is relatively inexpensive ;52
;gr:);grm §hapes to close tolerances. Pressures in the range of 3000 to
m;m‘ia]pssnS uar;, commonly. used, the higher pressures for the harder
it fcsga; dp::; (;);:::sd ami car;)ides‘ Automatic dry pressing at
rates of sp eveloped to a high state of effectiveness.
2;1; il(;:‘n;xtaft:’?:exss ;tfmtlh io; : ‘:gape with a] high length-to-diameter ratio the
. er, particularly against the die wi
lp;r::isnureﬁg.radlents and a.resulting variation of density withinatltlx‘cl?i:c::
i gg gil;:,egrirlll:s; d::cs;tsy; a\:f;ria;iolr]'ls are eliminated by material flow
i 5 ily follows that there is a variation in
21:;1'21;25; :gn;in :t:‘onzs :,:, ité\helg:fu:al tolerances. One modification of Attte
2 ; iform density is t 1
the sample in a rubber mold in:er(t)ez ?:f;ehl;‘:ilrostatic chazlnxb -
h t c s er to mak
z;epc"e:db};i :idrﬁostatl.c molding, in v!hich the pressure is more unifor:'nl;
by T'h ; mzt :n; in sa}nple density and shrinkage are less objection-
insui ) od is 'Wldely l.lsed for the manufacture of spark-plug
ulators and for_ special electrical components in which a high degree of
unfn\fomfny a.nd high level of product quality are required R
thmu(g;“: ::‘t:e;qr%t method of forming is to extrude a stiff plastic mix
i ) wc?‘n' cei, a me?hod com{nanly used for brick, sewer pipe,
o ;xis nmca 1ce\‘amlcs, electrical insulators, and other materials
o e u!mormal to a fixed cross‘se'ction. The most widely practiced
st s lzatzazc(;);,n; :lt)egrer ;:de?mma‘te air bubbles, thoroughly mix
> \ 2 orce
ca’rg;de dxe_. Hydraulic piston extruders arlet ;ll:gufl::i;:a\:g:g ki
it et; garlr:est method of forming clay ware, one still widely used, is to
ough water so that the ware can readily be formed at low pressures.
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" be mechanized by soft-plastic pressing between porous plaster molds and

CERAMIC PROCESSES AND PRODUCTS 1

This may be done under hand pressure such as building ware with coils,
free-forming ware, or hand throwing on a potter’s wheel. The process can

also by automatic jiggering, which consists of placing a lump of soft
plastic clay on the surface of a plaster-of-paris mold and rotating it at L
about 400 rpm while pulling a profile tool down on the surface to spread X
the clay and form the upper surface.

When a larger amount of water is added, the clay remains sticky plastic
until a substantial amount has been added. Under a microscope it is seen
that individual clay particles are gathered in aggregates or flocs. However,
if a small quantity of sodium silicate is added to the system, there is a
remarkable change, with a substantial increase in fluidity resulting from
the individual particles being separated or deflocculated. With proper
controls a fluid suspension can be formed with as little as 20% liquid, and
a small change in the liquid content markedly affects the fluidity. When a
suspension such as this is cast into a porous plaster-of-paris mold, the
mold sucks liquid from the contact area, and a hard layer is built on the

surface. This process can be continued until the entire interior of the mold
is filled (solid casting) or the mold can be inverted and the excess liquid
poured out after 2 suitable wall thickness is built up (drain casting).

In each of the processes which require the addition of some water
content, the drying step in which the liquid is removed must be carefully
controlled for satisfactory resuits, more so for the methods using 2 higher
liquid content. During drying, the initial drying rate is independent of the
water content, since in this period there is a continuous film of water at
the surface. As the liquid evaporates, the particles become pressed more
closely together and shrinkage occurs until they are in contact in a solid
structure free from water film. During the shrinkage period, stresses,
warping, and possibly cracks may develop because of local variations in
the liquid content; during this period- rates must be carefully controlled.
Once the particles are in contact, drying can be continued at a more rapid
rate without difficulty. For the dry-pressing or hydrostatic molding
process, the difficulties associated with drying are avoided, an advantage -
for these methods.

After drying, ceramic ware is normally fired to temperatures ranging
from 700 to 1800°C, depending on the composition and properties desired.
Ware which is to be glazed or decorated may be fired in different ways.
The most common procedure is to fire the ware without a glaze to a
sufficiently high temperature to mature the ‘body; then a glaze is applied
and fired at a low temperature. Another method is to fire the ware initially
to a low temperature, a bisque fire; then apply the glaze and mature the
body and glaze together at a higher temperature. A third method is to
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12 INTRODUCTION TO CERAMICS

apply the glaze to the unfired ware and heat them together in a one-fire
process.

During the firing process, either a viscous liquid or sufficient atomic
mobility in the solid is developed to permit chemical reactions, grain
growth, and sintering; the last consists of allowing the forces of surface
tension to consolidate the ware and reduce the porosity. The volume
shrinkage which occurs is just equal to the porosity decrease and varies
from a few to 30 or 40 vol%, depending on the forming process and the
ultimate density of the fired ware. For some special applications, com-
plete density and freedom from all porosity are required, but for other
applications some residual porosity is desirable. If shrinkage proceeds at
an uneven rate during firing or if part of the ware is restrained from
shrinking by friction with the material on which it is set, stresses, warping,
and cracking can develop. Consequently, care is required in setting the
ware to avoid friction. The rate of temperature rise and the temperature
uniformity must be controlled to avaid variations in porosity and shrin-
kage. The nature of the processes taking place is discussed in detail in
Chapters 11 and 12.

Several different types of kilns are used for firing ware. The simplest is
a skove kiln in which a benchwork of brick is set up inside.a surface
coating with combustion chambers under the material to be fired.
Chamber kilns of either the up-draft or down-draft type are widely used
for batch firing in which temperature control and uniformity need not be
too precise. In order to achieve uniform temperatures and maximum use
of fuel, chamber kilns in which the air for combustion is preheated by the
cooling ware in an adjacent chamber, the method used in ancient China, is
employed. The general availability of more precise temperature controls
for gas, oil, and electric heating and the demands for ware uniformity
have led to the increased use of tunnel kilns in which a temperature profile
is maintained constant and the ware is pushed through the kiln to provide
a precise firing schedule under conditions such that effective control can
be obtained.

Melting and Solidification. For most ceramic materials the high-vol-
ume change occurring during solidification, the low thermal conductivity,
and the brittle nature of the solid phase have made melting and solidifica-
tion processes comparable with metal casting and foundry practice
inappropriate. Recently, techniques have been developed for unidirec-
tional solidification in which many of these difficulties can be substantiaily
avoided. This process has mainly been applied to forming controlled
structures of metal alloys which are particularly attractive for applica-
tions such as turbine blades for high-temperature gas turbines. So far as
we are aware, there is no large scale manufacture of ceramics in this way,
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but we anticipate that the development of techniques for the unidirec-
tional solidification of teramics will be an area of active research during
the next decade.

" Another case in which these limitations do not apply is that of
glass-forming materials in which the viscosity increases over a broad
temperature range so that there is no sharp volume discontinuity during
solidification and the forming processes can be adjusted to the fluidity of
the glass. Glass products are formed in a high-temperature viscous state
by five general methods: (1) blowing, (2) pressing, (3) drawing, (4) rolling,
and (5} casting. The ability to use these processes depends to a large
extent on the viscous flow characteristics of the glass and its dependence
on temperature.’Often surface chilling permits the formation of a stable
shape while the interior remains sufficiently fluid to avoid the buildup of
dangerous stresses. Stresses generated during cooling are relieved by
annealing at temperatures at which the force of gravity is insufficient to
cause deformation. This is usually done in an annealing oven or lehr
which, for many silicate glasses, operates at temperatures in the range of
400 to 500°C. .

The characteristics most impressive about commercial glass-forming
operations are the rapidity of forming and the wide extent of automation.
Indeed, this development is typical of the way in which technical progress
aﬂ‘ec}s an industry. Before the advent of glass-forming machinery, a
major part of the container industry was based on ceramic stoneware.
Large numbers of relatively small stoneware potters existed solely for the
manufacture of containers. The development of automatic glass-forming
machinery allowing the rapid and effective production of containers on a
continuous basis has elimi d stoneware iners from common use.

Special Processes. In addition to the broadly applicable and widely
used processes discussed thus far, there is a variety of special processes
which augment, modify, exténd, or replace these forming methods. These .
include the application of glazes, enamels, and coatings, hot-pressing
materials with the combined application of pressure and temperature,
methods of joining metals to ceramics, glass crystallization, finishing and
machining operations, preparation of single crystals, and vapor-
deposition processes. .

Much ceramic ware is coated with a glaze, and porcelain enamels are
commonly applied on a base of sheet steel or cast iron as well as for
special jewelry applications. Glazes and enamels are normally prepared in
a wet process by milling together the ingredients and then applying the
coating by brushing, spraying, or dipping. For continuous operation,
spray coating is most frequently used, but for some applications more
satisfactory coverage can be obtained by dipping or painting. For
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14 INTRODUCTION TO CERAMICS

porcelain enamels on cast iron, large castings heated in a furnace are
coated with a dry enamel powder which must be distributed uniformly
over the surface, where it fuses and sticks. In addition to these widely
used processes, special coatings for technical ware have been applied by
flame spraying to obtain a refractory dense layer; vacuum-deposited
coatings have been formed by evaporation or cathodic sputtering; coat-
ings have been applied by chemical vapor deposition; electrophoretic

deposition has been applied; and other specialized techniques have had

some limited. applications.

To obtain a high density together with fine particle size, particularly for
materials such as carbides and borides, the combination of pressure with
high temperature.is an effective technique mostly used for small samples
of a simple configuration. At lower temperatures, glass-bonded mica is
formed.in this way for use as an inexpensive insulation. One of the main
advantages of the hot-pressing method is that material preparation is less
critical than for the sintering processes, which require a high degree of
material uniformity for snccessful applications of the highest-quality
products. The main difficulties with hot-pressing techniques are applying
the method to large shapes and the time required for heating the mold and
sample, which makes the method slow and expensive.

For many applications, joining processes are necessary to form fabri-
cated units. In manufacturing teacups, for example, the handle is nor-
mally molded separately, dipped in a slip, and stuck on the body of the
cup. Sanitary fixtures of complex design are similarly built up from
separately formed parts. For many electronic applications requiring
pressure-tight seals, it is necessary to form a bond between metals and
ceramics, For glass-metal seals, the main problem is matching the
expansion coefficient of the glass to that of the metal and designing the
seal so that large stresses do not develop in use; special metal alloys and
sealing glasses have been designed for this purpose. For crystalline
ceramics, the most widely applied method has been to use a2 molybdenum-
manganese layer which, when fired under partially oxidizing conditions,
forms an oxide that reacts with the ceramic to give an adhesive bonding
layer. In some cases, reactive metal brazes containing titanium or
zirconium have been used.

One of the most important developments in ceramic forming has been
to use a composition which can be formed as a glass and then transformed
subsequent to forming into a product containing crystals of controlled
size and amount. Classic examples of this are the striking gold-ruby
glasses, in which the color results from the formation of colloidal gold
particles.” During rapid initial cooling, nucleation of the metal particles
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occurs; subsequent reheating into the growth region develops proper
crystallite sizes for the colloidal ruby color. In the past 10 years there has
been extensive development of glasses in which the volume of crystals -
formed is much larger than the volume of the residual glass. By controlled
nucleation and growth, glass-ceramics are made in which the advantage of

. automatic glass-forming processes is combined with some of the desirable

properties of a highly crystalline body.

For most forming operations, some degree of finishing or machining is
required which may range from fettling the mold lines from a slip-cast
shape to diamond-grinding the final contour of a hard ceramic. For hard
materials such as aluminum oxide, as much machining as feasible is done
in the unfired state or the presintered state, with final finishing only done
on the hard, dense ceramic where required.

A number of processes have been developed for the formation of
ceramics directly from the vapor phase. Silica is formed by the oxidation
of silicon tetrachloride. Boron and silicon carbide fibers are made by
introducing a volatile chloride with a reducing agent into a hot zone,
where deposition occurs on a fine tungsten filament. Pyrolytic graphite is
prepared by the high-temperature deposition of graphite layers on a
substrate surface by the pyrolytic decomposition of a carbon-containing
gas. Many carbides, nitrides, and oxides have been formed by similar
processes. For electronic applications, the development of single-crystal
films by these techniques appears to have many potential applications.

Thin-wafer substrates are formed by several techniques, mostly from
alumina. A widely used development is ths technique in which a fluid
body is prepared with an organic binder and uniformly spread on a
moving nonporous belt by a doctor blade to form thin, tough films which
can subsequently be cut to shape; holes can be introduced ina high-speed
punch press.

There is an increasing number of applications in which it is necessary or
desirable to have single-crystal ceramics because of special optical,
electrical, magnetic, or strength requirements. The most widespread
method of forming these is the Czochralski process, in which the crystal
is slowly pulled from a molten melt, a process used for aluminum oxide,
ruby, garnet, and other materials. In the Verneuil process a liquid cap is
maintained on a growing boule by the constant-rate addition of powdered
material at the liquid surface. For magnetic and optical applications thin
single-crystal films are desirable which have been prepared by epitaxial
growth from the vapor phase. Hydrothermal growth from solution is
widely used for the preparation of quartz crystals, largely replacing the
use of natural mineral crystals for device applications. ’
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16 INTRODUCTION TO CERAMICS

1.3 Ceramic Products

The diversity of ceramic products, which range from microscopic
single-crystal whiskers, tiny magnets, and substrate chips to multiton
refractory furnace blocks, from single-phase closely controlled composi-
tions to multiphase multicomponent brick, and from porefree transparent
crystals and glasses to lightweight insulating foams is such that no simple
classification is appropriate. From the point of view of historical develop-
ment and tonnage produced, it is convenient to consider the mineral-raw-
material products, mostly silicates, separately from newer nonsilicate
formulations.

Traditional Ceramics. We can define traditional ceramics as those
comprising the silicate industries—primarily clay products, cement, and
silicate glasses. ’

The art of making pottery by forming and burning clay has been
practiced from the earliest. civilizations. Indeed, the examination of
pottery fragments has been one of the best tools of the archeologist.
Burnt clayware has been found dating from about 6500 B.c. and was well
developed as a commercial product by about 4000 B.C.

Similarly, the manufacture of silicate glasses is an ancient art. Naturally
occurring glasses (obsidian) were used during the Stone Age, and there
was a stable industry in Egypt by about 1500 B.c.

In contrast, the manufacture of portland cement has only been prac-
ticed for about 100 years. The Romans combined burned lime with
volcanic ash to make a natural hydraulic cement; the art seems then to
have disappeared, but the hydraulic properties of lightly burned clayey
limes were rediscovered in England about 1750, and in the next 100 years
the manufacturing process, essentially the same as that used now, was
developed.

By far the largest segment of the silicate ceramic industry is the
manufacture of vatious glass products. These are manufactured mostly as
sodinm-calcium-silicate glasses. The next largest segment of the ceramic
industry is lime and cement products. In'this category the largest group of
materials is hydraulic cements such as those used for building construc-
tion. A much more diverse group of products is included in the classifica-
tion of whitewares. This group includes pottery, porcelain, and similar
fine-grained porcelainlike compositions which comprise a wide variety of
specific products and uses. The next classification of traditional ceramics
is porcelain enamels, which are mainly silicate glasslike coatings on
metals. Another distinct group is the structural clay products, which
consist mainly of brick and tile but include a variety of similar products
such as sewer pipe. A particularly important group of the traditional
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ceramics industry is refractories. About 40% of the refractory industry
consists of fired-clay products, and another 40% consists of heavy
nonclay refractories such as magnesite, chromite, and similar composi-
tions. In addition there is a sizable demand for various special refractory:
compaositions. The abrasives industry produce mainly silicon carbide and
aluminum oxide abrasives. Finally, a segment of the ceramic industry
which does not produce ceramic products as such is concerned with the.
mineral preparation of ceramic and related raw materials,

Most of these traditional ceramics could be adequately defined as the
silicate industries, which indeed was the description originally proposed
for the American Ceramic Society in 1899. The silicate industries still
compose by far the largest part of the whole ceramic industry, and from
this point of view they can be considered the backbone of the field.

New Ceramics. In spite of its antiquity, the ceramic industry is not
stagnant. Although traditional ceramics, or silicate ceramics, account for
the large bulk of material produced, both in tonnage and in dollar volume,
a variety of new ceramics has been developed in the last 20 years. These
are of particular interest because they have either unique or outstanding
praperties. Either they have been developed in order to fulfill a particular
need in greater temperature resistance, superior mechanical properties,
special electrical properties, and greater chemical resistivity, or they have
been discovered more or less accidentally and have become an important
part of the industry. In order to indicate the active state of development, it
may be helpful to describe briefly a few of these new ceramics.

Pure oxide ceramics have been developed to a high state of uniformity
and with outstanding properties for use as special electrical and refrac-
tory components. The oxides most often used are alumina (ALOs),
zirconia (ZrQ,), thoria (ThO3), beryllia (BeO), magnesia (MgO), spinel.
(MgAlL:04), and forsterite (Mg.Si04).

Nuclear fuels based on uranium dioxide (UQ,) are widely used. This
material has the unique ability to maintain its good properties after long

“use as a fuel material in nuclear reactors.

Electrooptic ceramics such as lithum niobate (LiNbO;) and
fanthanum-modified lead zirconate titanate (PLZT) provide a medium by
which electrical information can be transformed to optical information or .
by which optical functions can be performed on command of an electrical
signal.

Magnetic ceramics with a variety of compositions and uses have been
developed. They form the basis of magnetic memory units in large
computers. Their unique electrical properties are particularly useful in
high-frequency microwave electronic applications. .

Single crystals of a variety of materials are now being manufactured,
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18 INTRODUCTION TO CERAMICS

either to replace natural crystals which are unavailable or for their own
unique properties. Ruby and garnet laser crystals and sapphire tubes and
‘substrates are grown from a melt; large quartz crystals are grown by a
hydrothermal process. '

Ceramic nitrides with unusually good properties for special applica-
tions have been developed. These include alumi nitride, a laboratory
refractory for melting aluminum; silicon nitrides and SiAION, commer-
cially important new refractories and potential gas turbine components;
and boron nitride, which is useful as a refractory.

Enamels for aluminum have been developed and have become an
important part of the architectural industry.

Metal-ceramic ~composites have been developed ‘and are now an
important part of the machine-tool industry and have important uses as
refractories. The most important members of this group are various
carbides bonded with metals and mixtures of a chromium alloy with
aluminum oxide. -

. Ceramic carbides with unique properties have been developed. Silicon
carbide and boron carbide in particular are important as abrasive
materials.

Ceramic borides have been developed which have unique properties of
high-temperature strength and oxidation resistance.

Ferroelectric ceramics such as barium titanate have been developed
which have extremely high dielectric constants and are particularly
important as electronic components.

Nonsilicate glasses have been developed and are particularly useful for
infrared transmission, special optical properties, and semiconducting
devices.

Molecular sieves which are similar to, but are more controlled than,
natural zeolite compositions are being made with controlled structures so
that the lattice spacing, which is quite large in these compounds, can be
used as a means of separating compounds of different molecular sizes,

Glass-ceramics are a whole new family of materials based on fabricat-
ing ceramics by forming as a glass and then nucleating and crystallizing to
form a highly crystalline ceramic material. Since the original introduction
of Pyroceram by the Corning Glass Works the concept has been extended
to dozens of compositions and applications.

Porefree polycrystalline oxides have been made based on alumina,
yttria, spinel, magnesia, ferrites, and other compositions.

Literally dozens of other new ceramic materials unknown 10 or 20
years ago are now being manufactured and used. From this point of view
the ceramic industry is one of our most rapidly changing industries, with
new products having new and wseful properties constantly being de-
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veloped. These ceramics are being developed because there is a real need
for new materials to transform presently available designs into practical,
serviceable products. By far the major hindrance to the development of
many new technologically feasible structures and systems is the lack of
satisfactory materials. New ceramics are constantly filling this need.

New Uses for Ceramics. In the same way that the demand for new and
better properties has led to the development of new materials, the
availability of new materials had led to new uses based on their unique
properties. This cycle of new ceramics-new uses-new ceramics has
accelerated with the attainment of a better understanding of ceramics and
their properties.

One example of the development of new uses for ceramics has
occurred in the field of magnetic ceramic materials. These materials have
hysteresis loops which are typical for ferromagnetic materials. Some have
very nearly the square loop that is most desirable for electronic computer

memory circuits. This new use for ics has led to ex ive studi
and development of materiais and processes.
Another ple is the develop t of nuclear power, which requires

uranium-containing fuels having large fractions of uranium (or sometimes
thorium), stability against corrosion, and the ability to withstand the
fissioning of a large part of the uranium atoms without deterioration. For
many applications UQ; is an outstanding material for this fuel. Urania
ceramics have become an important part of reactor technology.

In rocketry and missile development two critical parts which must
withstand extreme temperatures and have good erosion resistance are the
nose cone and the rocket throat. Ceramic materials are used for both.

For machining metals at high speeds it has long been known that oxide
ceramics are superior in many respects as cutting tools. However, their
relatively low and irregular strength makes their regular use impossible.
The development of alumina ceramics with high and uniform strength
levels has made them practicable for machining metals and has opened up
a new field for ceramics. :

In 1946 it was discovered that barium titanate had a dielectric constant
100 times larger than that of other insulators. A whole new group of these
ferroelectric materials has since been discovered. They allow the man-
ufacture of capacitors which are smaller in size but have a larger capacity
than other constructions, thus improving electronic circuitry and develop-~
ing a new use for ceramic materials.

In jet aircraft and other applications metal parts have had to be formed
from expensive, and in wartime unobtainable, alloys to withstand the
moderately high temperatures encountered. When 2 protective ceramic  +
coating is applied, the temperature limit is increased, and either higher
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20 INTRODUCTION TO CERAMICS

temperatures can be reached or less expensive and less critical alloys can
be substituted.

Many further applications of ceramics which did not even exist a few
years ago can be cited, and we may expect new uses to develop that we
cannot now anticipate.
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part Il

CHARACTERISTICS
OF CERAMIC
SOLIDS

The ceramic materials with which we are concerned may be single
crystals, wholly vitreous, or mixtures of two or more crystalline or
vitreous phases. Pore spaces are also a principal phase in most ceramic
materials. As the basis for understanding the properties of real ceramics,
it is essential to have an understanding of the properties of single crystals
and noncrystalline solids. In Part II we consider the properties of ceramic
solids as a single phase without regard to their source or the effects of
combining with other materials.

In Chapter 2 we consider the structure of crystalline ceramics. The
nature of the atomic arrangements, the forces between atoms, and the
location of atoms in a crystalline lattice are important parameters basic to
the properties of the crystal. In Chapter 3 we consider noncrystalline
solids. The atomic structure of these materials is quite different from that
of crystals, and many of their properties are intimately. related to the
noncrystalline nature of the atomic arrangement.

Both crystalline and noncrystalline materials depart from ideal struc-
tures in many respects. Some of their properties are strongly dependent
on the nature of departures from perfect crystallinity or perfect random-
ness. Consequently, in Chapter 4 we consider structural imperfections,
their source, und properties. [n Chapter 5 we consider the surfaces and
interfaces as a separate characteristic property. Finally, in Chapter 6 we
consider the question of atomic mobility; this is important to many
properties and is intimately related to the structure of solids. An under-
standing of these five chapters is essential to understanding the properties
of more complex ceramics.
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22 INTRODUCTION TO CERAMICS

In describing the characteristics of ceramic solids, two different points
of view have been useful. One is to consider them from an atomistic point
of view, defining as closely as possible the location of atoms relative to
one another, the interaction between atoms, the motion of atoms relative
to one another, and the influence of changed conditions, such as increased
temperature, on atomic behavior. This point of view leads to an under-
standing of structure and an insight into atomic interaction that is

essential for developing models and generalizations about the complex "

phenomena we wish to understand. It is an approach that first became
practical about 60 years ago with the discovery of X-ray diffraction by
crystals and has continued to depend strongly on observations of the
interaction between radiation and matter.

A second ind equally useful viewpoint is to consider the macroscopic
properties of matter independent of conjectures about the details of
atomic characteristics and interaction. This, the thermodynamic ap-
proach, depends on the observation that the state of matter at equilibrium,
whether gaseous, liquid or crystalline, is determined by the ther-
modynamic variables which describe the system (temperature, volume,
pressure, composition). The interrelationship of these variables to the
state of the system has been formally developed in the principles of
thermodynamics, which are based on three fundamental laws. The first
law requires that the internal energy E of a system be conserved. The
‘second law introduces another function, the entropy S, a measure of
randomness which determines the direction of all spontaneous processes:
the entropy of the world tends toward a maximum. Thus the change in the
entropy of the system and the surroundings during any process is always
toward greater randomness:

A8 sysem + S surroundines = 0 m

At equilibrium, the entropy change is zero, and therefore this equation
serves as a definition of thermodynamic equilibrium. The third law sets
the zero-point entropy of matter at the absolute zero of temperature: the
entropy of a perfect crystal at 0°K is zero.

From these three fundamental laws and from the definition of internal
energy and entropy other useful state functions are defined: the enthalpy,
or heat content H, the Gibbs free energy G, and the Helmholtz free
energy F. The Gibbs free energy (G =E + PV — TS = H — TS) is the
state function most commonly used to describe the equilibrium state of
the system. For example, at equilibrium (0°C and 1 atm pressure), ice.and
water can coexist, and the free energy of water is equal to that of ice.
From experience, we know that there is an enthalpy change, the heat of
fusion, and also an entropy change associated with this equilibrium
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reaction:
AG=0=AH-T.AS &)
AH(u;hm (3)

ASice 1o warer = TEIK)

When we deal with phases 6f variable-composition (gaseous, liguid or

. solid solutions), the Gibbs free energy is not only a function of tempera-

ture and pressure but also of composition. If X; is the mole fraction of the
ith component,

dG = —S§dT+ VdP + 2 wdX @

where we define the chemical potential y, as the change in the free energy
of the system with respect to a change in the concentration of the ith
component at constant temperature and pressure:

"(‘i = (g)TP.X|-| (5)

If the system is at equilibrium, each of the terms in Eq. 4 must be
independent of time and of position in the system, that is, umf(.){m
temperature (thermal equilibrium), uniform pressure (mechanical equl-lbe
rium), and uniform chemical potential of each component (chem!ca]
equilibrium). In a multiphase system, this means that the chemical
potential of a particular component must be the same in each phase.
As we proceed, it will become increasingly clear that the energy-matter
relationships both on an atomistic scale and on a scale of maf.roscopic
assemblages are areas of knowledge directly pertinent to ceramics. Many
llent texts are available; particularly recommended C. Kittel, Intro-
duction to Solid State Physics, and R. A. Swalin, Thermodynamics of
Solids.
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Definition of 'ceramic'

ceramlc Word Frequency OQQQO

(streemik (i)
Word forms: ceramics plural

1. MASS NOUN

Ceramic is clay that has been heated to a very high temperature so that it becomes hard.

...ceramic tiles.

2. COUNTABLE NOUN [usu pl]
Ceramics are ceramic ornaments or objects.

...a collection of Chinese ceramics.

3. UNCOUNTABLE NOUN
Ceramics is the art of making artistic objects out of clay.

...a degree in ceramics.

Collins COBUILD Advanced Learners Dictionary. Copyright © HarperCollins Publisher
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ceramic o adjective

cerram-ic ( sa-'ra-mik ®) ) especially British ke-

: of or relating to the manufacture of any product (such as earthenware, porcelain, or brick)
made essentially from a nonmetallic mineral (such as clay) by firing at a high temperature

also : of or relating to such a product

Ceramic 2.2 noun

1 ceramics plural in form but singular in construction : the art or process of making
ceramic articles

2 :aproduct of ceramic manufacture
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8/6/23, 2:13 PM

) PHOTONICS
NIEDIA  photonicscom

transparent | Photonics Dictionary® | Photonics Marketplace

.z transparent

Capable of transmitting light with little absorption and no appreciable scattering or diffusion.

See Also

Related Articles

"Nonlocal" Metasurface Enables High-Performing AR Eyeglasses  Photonics Spectra Dec 2022

Transparent Chip Provides View to Multimodal Imaging BioPhotonics May/Jun 2022

Machine-Readable Labels Identify and Track Objects Photonics.com Feb 2022

https://www.photonics.com/EDU/transparent/d7619 1/2

MASIMO 1054
Masimo v. Apple
IPR2023-00734


https://www.photonics.com/Articles/Nonlocal_Metasurface_Enables_High-Performing_AR/p4/a68410
https://www.photonics.com/Articles/Nonlocal_Metasurface_Enables_High-Performing_AR/p4/a68410
https://www.photonics.com/Articles/Transparent_Chip_Provides_View_to_Multimodal/p4/a67852
https://www.photonics.com/Articles/Transparent_Chip_Provides_View_to_Multimodal/p4/a67852
https://www.photonics.com/Articles/Machine-Readable_Labels_Identify_and_Track_Objects/p4/a67745
https://www.photonics.com/Articles/Machine-Readable_Labels_Identify_and_Track_Objects/p4/a67745

8/6/23, 2:13 PM transparent | Photonics Dictionary® | Photonics Marketplace

https://www.photonics.com/EDU/transparent/d7619 2/2
MASIMO 1054
Masimo v. Apple
IPR2023-00734



EXHIBIT SSS

MASIMO 1054
Masimo v. Apple
IPR2023-00734



8/6/23, 2:11 PM translucent | Photonics Dictionary® | Photonics Marketplace

) PHOTONICS
NIEDIA  photonicscom

.= translucent

Pertaining to materials having the property of reflecting a part and transmitting a part of the
incident radiation.

See Also

Related Articles

Machine-Readable Labels Identify and Track Objects Photonics.com Feb 2022
https://www.photonics.com/EDU/Term.aspx?TermID=7600 1/2
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Biblical Studies Online or Oxford Islamic Studies Online has now moved to Oxford Reference, Oxford Handbooks Online, Oxford
Scholarship Online, or What Everyone Needs to Know®. For information on how to continue to view articles visit the subscriber
services page.

a ' A Dictionary of Physics (8 ed.)

Oxford Edited by: Richard Rennie and Jonathan Law
-

- —

DICTIONARY OF Publisher: Oxford University Press Print Publication Date: 2019
Ph VSICS Print ISBN-13: 9780198821472 Published online: 2019
. Current Online Version: 2019 eISBN: 9780191860805

translucent

Permitting the passage of radiation but not without some scattering or diffusion. For example, frosted glass allows light to
pass through it but an object cannot be seen clearly through it because the light rays are scattered by it. Compare

TRANSPARENT.
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semitransparent

adjective

Definition of Semitransparentnext

as in translucent

Synonyms & Similar Words

Relevance

diaphanous

colorless

sheer

lucid
semitranslucent
uncolored

transparentized

transparent
crystalline
liquid
crystal
pellucid
limpid

lucent
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crystal clear

see-&#8203;through

clear

Antonyms & Near Antonyms

opaque
colored

cloudy

tinted
glazed
smoky
hazy
misty
dense
nebulous
foggy
turbid
muddy
filmy
murky

smokey

See Less A~
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8/6/23, 2:14 PM opaque | Photonics Dictionary® | Photonics Marketplace

) PHOTONICS
NVIEDIA  photonicscom

.2 opaque

A term describing a substance that is impervious to light; the characteristic of a substance
that has no luminous transmittance.

https://www.photonics.com/EDU/opaque/d5735 1/2
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maintain verb

main-tain man-'tan <) ) man-

maintained; maintaining; maintains

Synonyms of maintain >

transitive verb

1 :tokeep in an existing state (as of repair, efficiency, or validity) : preserve from failure or
decline

maintain machinery

2 :to sustain against opposition or danger : uphold and defend
maintain a position

3 :to continue or persevere in : CARRY ON, KEEP UP
couldn't maintain his composure

4 g : tosupport or provide for
has a family to maintain

b : SUSTAIN

enough food to maintain life

5 :toaffirmin or as if in argument : ASSERT
maintained that the earth is flat
man- ta-na-'bi-la-t€ ©) ) noun
man-'ta-na-bal ©) ) adjective

noun
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Foreword

ISO (the International Organization for Standardization) and 1EC (the International Electrotechnical
Commission) form the specialized system for worldwide standardization. National bodies that are members of
ISO or IEC participate in the development of International Standards through technical committees
established by the respective organization to deal with particular fields of technical activity. ISO and IEC
technical committees collaborate in fields of mutual interest. Other international organizations, governmental
and non-governmental, in liaison with 1ISO and IEC, also take part in the work. In the field of information
technology, ISO and IEC have established a joint technical committee, ISO/IEC JTC 1.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
The main task of the joint technical committee is to prepare International Standards. Draft International
Standards adopted by the joint technical committee are circulated to national bodies for voting. Publication as

an International Standard requires approval by at least 75 % of the national bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent
rights. ISO and IEC shall not be held responsible for identifying any or all such patent rights.

ISO/IEC 18092 was prepared by Joint Technical Committee ISO/IEC JTC 1, Information technology,
Subcommittee SC 6, Telecommunications and information exchange between systems.

This second edition cancels and replaces the first edition (ISO/IEC 18092:2004), which has been technically
revised.
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Introduction

This International Standard specifies the interface and protocol for simple wireless communication between
close coupled devices. These Near Field Communication (NFC) devices communicate with bit rates of 106,
212, and 424 kbit/s.

This NFC Interface and Protocol (NFCIP-1) standard allows, but does not specify, applications in network
products and consumer equipment.

The first edition of ISO/IEC 18092:2004 was prepared by Ecma International (as ECMA-340) and was
adopted, under a special “fast-track procedure”, by Joint Technical Committee ISO/IEC JTC 1, Information
technology, in parallel with its approval by national bodies of ISO and IEC. This second edition of
ISO/IEC 18092 was maintained by JTC 1/SC 6 and Ecma International; it cancels and replaces the first
edition (ISO/IEC 18092:2004), which has been technically revised with fully backward compatibility.
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INTERNATIONAL STANDARD ISO/IEC 18092:2013(E)

Information technology — Telecommunications and information
exchange between systems — Near Field Communication —
Interface and Protocol (NFCIP-1)

1 Scope

This International Standard defines communication modes for Near Field Communication Interface and
Protocol (NFCIP-1) using inductive coupled devices operating at the centre frequency of 13,56 MHz for
interconnection of computer peripherals. It also defines both the Active and the Passive communication
modes of Near Field Communication Interface and Protocol (NFCIP-1) to realize a communication network
using Near Field Communication devices for networked products and also for consumer equipment. This
International Standard specifies, in particular, modulation schemes, codings, transfer speeds, and frame
format of the RF interface, as well as initialisation schemes and conditions required for data collision control
during initialisation. Furthermore, this International Standard defines a transport protocol including protocol
activation and data exchange methods.

Information interchange between systems also requires, at a minimum, agreement between the interchange
parties upon the interchange codes and the data structure.

2 Conformance

A system implementing the Active and the Passive communication mode shall be in conformance with this
International Standard if it meets all the mandatory requirements specified herein.

It may also implement the NFC-SEC Option as specified in ISO/IEC 13157-1.

3 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ITU-T V.41:1988, Code-independent error-control system

ISO/IEC 13157-1:2010, Information technology — Telecommunications and information exchange between
systems — NFC Security — Part 1: NFC-SEC NFCIP-1 security services and protocol

ISO/IEC 14443-2:2010, Identification cards — Contactless integrated circuit cards — Proximity cards — Part 2:
Radio frequency power and signal interface

ISO/IEC 14443-3:2011, Identification cards — Contactless integrated circuit cards — Proximity cards — Part 3:
Initialization and anticollision

ISO/IEC 14443-4:2008, Identification cards — Contactless integrated circuit cards — Proximity cards — Part 4:
Transmission protocol
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4 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

4.1
active communication mode
mode in which both the Initiator and the Target use their own RF field to enable the communication

4.2

ASK modulation

Amplitude Shift Keying, in which the amplitude of the carrier frequency is modulated according to the logic of
the data to be transmitted

4.3

Binary Coded Decimal

BCD

system for representing each of the decimal numbers 0 to 9 by a four-bit binary code

NOTE The bits, from left to right, are worth 8, 4, 2 and 1 respectively in decimal, so for example the number 6 in BCD
is 0110.

4.4

collision

transmission by two or more Targets or Initiators during the same time period, such that the Initiator or the
Target is unable to distinguish from which Target the data originated

4.5
frame
sequence of data bits and optional error detection bits, with frame delimiters at start and end

4.6

Hrhreshold
the threshold value to detect an external RF field

4.7
Initiator
generator of the RF field and starter of the NFCIP-1 communication

4.3

load modulation

process of amplitude modulating a radio frequency field by varying the properties of a resonant circuit placed
within the radio frequency field

4.9
Isb first
least significant bit first, indicating a serial data transmission system that sends Isb before all other bits

410
LSB first
Least Significant Byte first, indicating a serial data transmission system that sends LSB before all other bytes

411

Manchester coding

method of bit coding whereby a logic level during a bit duration is represented by a sequence of two defined
physical states of a communication medium

4.12
modulation index
signal amplitude ratio of [peak — minimum] | [peak + minimum]
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413
msb first
most significant bit indicating a serial data transmission system that sends the msb before all other bits

414
MSB first
Most Significant Byte indicating a serial data transmission system that sends the MSB before all other bytes

4.15
NFCIP-1 device
entity [ISO/IEC 18092]

4.16

NFC Identifier

NFCIDn

a randomly generated number used by the RF Collision Avoidance and Single Device Detection sequence for
both the Active and the Passive communication modes

4.17
NFC-SEC
NFCIP-1 Security Services and Protocol as specified in ISO/IEC 13157-1

4.18
passive communication mode
when the Initiator is generating the RF field and the Target responds to an Initiator command in a load

modulation scheme

4.19

RF Collision Avoidance

RFCA

method to detect the presence of a RF field based on the carrier frequency and method to detect and resolve
collisions on protocol level

4.20
SAK
Select acknowledge [ISO/IEC 14443-3]

NOTE  SAK replaces the SEL_RES [ISO/IEC 18092:2004].

4.21

sensing

NFCIP-1 device in the Active communication mode expecting a Response to a Request it has sent on the RF
field to detect the start of communication to receive the Request

4,22

Single Device Detection

SDD

algorithm used by the Initiator to detect one out of several Targets in its RF field (anti-collision
[ISO/IEC 14443-3})

4.23

Target

responds to Initiator command either using load modulation scheme (RF field generated by Initiator) or using
modulation of self generated RF field

4.24
Time Period
defines the number of slots used for RF Collision Avoidance
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4.25

Time Slot

method of preparing a time window when a Target answers, and assigning and identifying two or more logic
channels

4.26

transaction
initialisation, data exchange and device de-selection

5 Conventions and notations

5.1 Representation of numbers

The following conventions and notations apply in this document unless otherwise stated.

— Letters and digits in single quotation mark represent numbers in hexadecimal notation.

— The setting of bits is denoted by ZERO or ONE.

— Numbers in binary notation and bit patterns are represented by strings of digits 0 and 1 shown with the

most significant bit to the left. Within such strings, X may be used to indicate that the setting of a bit is not
specified within the string. For example (XXXX)b.

5.2 Names

The names of basic elements, e.g. specific fields, are written with a capital initial letter.

6 Abbreviated terms

ALL REQ Wake up ALL Request

ATR Attribute Request and Attribute Response
ATR_REQ Attribute Request

ATR_RES Attribute Response

BCD Binary Code Decimal

BRI Receiving bit duration supported by Initiator
BRt Receiving bit duration supported by Target

BSi Sending bit duration supported by Initiator

BSt Sending bit duration supported by Target

CMD Command

CRC Cyclic Redundancy Check

D Divisor

DEP Data Exchange Protocol Request and Data Exchange Protocol Response
DEP_REQ Data Exchange Protocol Request

DEP_RES Data Exchange Protocol Response

DIDi Initiator Device 1D

DIDt Target Device ID

DRI Data rate Received by Initiator

DRt Data rate Received by Initiator

DSi Data rate Send by Initiator

DSL Deselect Request and Deselect Response
DSL_REQ Deselect Request

DSL_RES Deselect Response

DSt Data rate Send by Target

etu elementary time unit

fc Frequency of operating field (carrier frequency)
fd Baseband frequency of Manchester coding
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fs [ISO/IEC 14443-2]
FRT

Gi

Gt

HLTA [ISO/IEC 14443-3]
ID

Isb

LSB

Ml

msb

MSB

NAD
NFCID1
nfcid1n
NFCID2
nfcid2n
NFCID3
nfcid3n

P

PA

PCD

pdu

PFB

PICC

PNI

PPi

PPt

PSL
PSL_REQ
PSL_RES
RF

RFCA
RFU

RLS

RLS REQ
RLS _RES
RWT

SB

SDD
SEL_CMD
SYNC

TO

uIlD

WT

WUP
WUP_REQ
WUP_RES

7 General

ISO/IEC 18092:2013(E)

Subcarrier

Frame Response Time

Optional information field for Initiator

Optional information field for Target

HalLT command, Type A

Identification number

least significant bit

Least Significant Byte

Multiple Information link for Data Exchange Protocol
most significant bit

Most Significant Byte

Node Address

fc/128 UID

Byte number n of NFCID1

Random ID for SDD in Passive communication mode at fc/64 and fc/32 bit rates
Byte number n of the Random Identifier NFCID2
Random ID for transport protocol activation

Byte number n of the Random Identifier NFCID3
Odd parity bit

Preamble

Proximity Coupling Device [ISO/IEC 14443-2]
protocol data unit

Control information for transaction

Proximity Card or object [ISO/IEC 14443-2]
Packet Number Information

Protocol Parameters used by Initiator

Protocol Parameters used by Target

Parameter Selection Request and Parameter Selection Response
Parameter Selection Request

Parameter Selection Response

Radio Frequency

RF Collision Avoidance

Reserved for Future Use

Release Request and Release Response
Release Request

Release Response

Response Waiting Time

Start byte for data exchange protocol at fc/128
Single Device Detection (anti-collision)

Select Command byte

Synchronisation pattern

Timeout value

Unique Identifier [ISO/IEC 14443-3]

Waiting Time

Wakeup Request and Wakeup Response
Wakeup Request

Wakeup Response

NFCIP-1 Targets and Initiators shall implement both the Active and the Passive communication modes.

In the Active communication mode, both the Initiator and the Target use their own RF field to communicate.
The Initiator starts the NFCIP-1 transaction. The Target responds to an Initiator command in the Active
communication mode by modulating its own RF field.
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In the Passive communication mode, the Initiator generates the RF field and starts the transaction. The Target
responds to an Initiator command in the Passive communication mode by modulating the Initiators’ RF field
which is referred to as load modulation.

This International Standard specifies requirements for modulation, bit rates and bit coding. In addition it
specifies requirements for the start of communication, the end of communication, the bit and byte
representation, the framing and error detection, the single device detection, the protocol and parameter
selection and the data exchange and de-selection of Near Field Communication Interface and Protocol
(NFCIP-1) devices.

Transactions start with device initialisation and end with device de-selection. Initiators and Targets exchange
commands, responses and data in alternating or half duplex communication.

NFCIP-1 devices are capable to start transactions at bit rates of fc/128, fc/64 and fc/32. Initiators select one of
those bit rates to start a transaction and they may change the bit rate using PSL_REQ/PSL_RES commands
during a transaction.

The mode (Active or Passive) shall not be changed during one transaction.

8 REF field

8.1 Values
fcis 13,56 MHz.
Hpin is 1,5 A/m (rms).

H,

max

is 7,5 A/m (rms).

Hrhreshold is 0,1875 A/m (rms).

8.2 Passive communication Mode

The Initiator shall generate field strength of at least H,;;, and not exceeding H,,, at manufacturer specified
positions (i.e. operating volume) under un-modulated conditions.

The Target shall operate continuously between H_;, and H, ..

8.3 Active communication Mode

An Initiator and a Target shall alternately generate a RF field of at least H,,,,, and not exceeding H,,, at
manufacturer specified positions (i.e. operating volume) under un-modulated conditions.

8.4 External RF field detection

NFCIP-1 devices shall detect external RF fields at fc with field strength higher than Hyy, osholg-

9 RF Signal Interface

9.1 Bit duration

One etu equals 128/(D x fc), where the values of the divisor D depend on the bit rate and communication
mode, see Table 1.
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Table 1 — Divisor D

Communication Mode bit rate Divisor D
active or passive fc/128 (~106 kbit/s) 1
active or passive fcl64 (~212 kbit/s) 2
active or passive fcl32 (~424 kbit/s) 4

Active fc/16 (~848 kbit/s) 8
Active fc/8 (~1695 kbit/s) 16
Active fel4 (~3390 kbit/s) 32
Active fel2 (~6780 kbit/s) 64

NOTE 1 The Initiator selects the communication mode (either Active or Passive) and bit rate (fc/128, fc/64 or fc/32
specified by the following clauses).

NOTE 2  This Standard does not specify the modulation and the bit coding beyond the bit rate of fc/32.

9.2 Active communication mode

Targets and Initiators shall comply with the following specifications for both communication directions, i.e.
Initiator to Target and Target to Initiator.

9.2.1 Requirements for fc/128

9.21.1 Bit rate

The bit rate for the transmission during initialisation and single device detection shall be fc/128.

9.2.1.2 Modulation

See 8.1.2.1 of ISO/IEC 14443-2. During transmission, both the Initiator and the Target shall conform to PCD
values. During reception, both the Initiator and the Target shall conform to PICC values.

9.2.1.3  Bit representation and coding

See 8.1.3 of the ISO/IEC 14443-2 for a bit rate of fc/128.

9.21.4 Byte transmission

Initiators and targets shall transmit bytes with the Isb first.
9.2.2 Requirements for fc/64 and fc/32

9.2.21 Bit rates

The bit rates for the transmission during initialisation and single device detection shall respectively be fc/64 or
fel32.

9.2.2.2 Modulation

See 9.1.2 of ISO/IEC 14443-2 for the bit rate of fc/64 and fc/32. During transmission, both the Initiator and the
Target shall apply the PCD values. During reception, both the Initiator and the Target shall apply the PICC
values.
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NOTE The modulation index range is stricter than that in ISO/IEC 18092:2004.

The Target should accept a modulation index range from 8 % to 30 % to operate with Initiators compliant to
ISO/IEC 18092:2004 using a modulation index higher than 14 %.

9.2.2.3 Bit representation and coding
Manchester bit encoding shall be employed as illustrated in Figure 1 and Figure 2.
Bit coding format is Manchester with logic levels defined as:

— Logic “ZERO”: The first half of the bit duration is carrier low field amplitude, and the second half of the bit
duration shall be carrier high field amplitude (no modulation applied).

— Logic “ONE”: The first half of the bit duration is carrier high field amplitude (no modulation applied), and
the second half of the bit duration shall be carrier low field amplitude.

Reverse polarity in amplitude shall be permitted. Polarity shall be detected from the SYNC.

1 etu ‘ . 1 etu :
e—4 S
'ZERO' ' ONE '

‘1etu‘ ‘1etu‘
——3 —
'ONE ' 'ZERO'

Figure 2 — Manchester bit encoding (reverse amplitude)

9.2.24 Byte transmission

Initiators and Targets shall transmit bytes with the msb first.
9.3 Passive communication mode

9.3.1 Initiator to Target requirements for fc/128

See 9.2.1.
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9.3.2 Target to Initiator requirements for fc/128

9.3.2.1 Bit rate

See 9.2.1.1.

9.3.2.2 Modulation

See 8.2.2 of ISO/IEC 14443-2.

9.3.2.3 Subcarrier Frequency

See 8.2.3 of ISO/IEC 14443-2.

9.3.2.4 Subcarrier modulation

See 8.2.4 of ISO/IEC 14443-2 for a bit rate of fc/128.

9.3.2.5 Bit representation and coding

See 8.2.5.1 of ISO/IEC 14443-2.

9.3.2.6 Byte transmission

Initiators and Targets shall transmit bytes with the Isb first.

9.3.3 Initiator to Target requirements for fc/64 and fc/32

9.3.3.1 Bit rate

See 9.2.2.1.

9.3.3.2 Modulation

ISO/IEC 18092:2013(E)

See 9.1.2 of ISO/IEC 14443-2 for the bit rate of fc/64 and fc/32. During transmission, the Initiator shall apply

the PCD values.

NOTE The modulation index range is stricter than that in ISO/IEC 18092:2004.

9.3.3.3  Bit representation and coding
See 9.2.2.3.
9.3.3.4 Byte transmission

See 9.2.2.4.

9.3.4 Target to Initiator requirements for fc/64 and fc/32

9.3.4.1 Bit rate

See 9.2.2.1.
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9.3.4.2 Modulation

The Target shall be capable of communication to the Initiator via an inductive coupling area by using load
modulation applied at fc of the Initiator's RF field with the PICC load modulation amplitude value specified in
8.2.2 of ISO/IEC 14443-2.The Initiator shall be able to receive a signal with load modulation amplitude as
specified for the PCD reception in ISO/IEC 14443-2, 8.2.2.

NOTE The minimum load modulation amplitude value for the Target and Initiator has been modified from ISO/IEC
18092:2004.

9.3.4.3 Bit representation and coding

See 9.2.2.3.

9.3.4.4 Byte transmission

See 9.2.24.

10 General Protocol flow

The General Protocol flow between NFCIP-1 devices shall be conducted through the following consecutive
operations:

— Any NFCIP-1 device shall be in Target mode initially and not generate an RF field, and shall wait for a
command from an Initiator.

— The NFCIP-1 device may switch to Initiator mode and select either Active or Passive communication
mode and transfer speed.

— [nitiators shall test for external RF field presence and shall not activate their RF field if an external RF field
is detected. See 8.4.

— If an external RF field is not detected, the Initiator shall activate its own RF field for the activation of
Target.

— Exchange commands and responses in the same communication mode and the transfer speed.

Figure 3 shows the general initialisation and single device detection flow for the Active and the Passive
communication mode at different transfer speeds.

The General Protocol flow describes the flow to initialise and select the Targets either in the Passive
communication mode or in the Active communication mode using one of the chosen transfer speeds. RF
Collision Avoidance is described in 11.1. Passive communication mode is described in 11.2. The initialisation
and SDD for the bit rate of fc/128 is described in 11.2.1, initialisation and SDD for bit rates of fc/64 and fc/32 is
described in 11.2.2. The Active communication mode is described in 11.3.

The Activation of the Protocol is described in 12.5. The Parameter Selection is described in 12.5.3. The Data
Exchange Protocol is described in 12.6. The Deactivation is described in 12.7.

11 Initialisation

This section describes the initialisation and collision detection protocol for Targets in the Active and the
Passive communication mode. The Initiator shall detect a collision that occurs, when at least two Targets
simultaneously transmit bit patterns with one or more bit positions where they transmit complementary values.
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Figure 3 shows the general initialisation and Single Device Detection flow for the Active and the Passive
communication mode at different transfer speeds.

( Start ]
Initial RF Collision
Avoidance
|
= s
2
< RF field detected ? > =
e Yes =
/
No
Application switches to Application switches to
initiator mode for Passive initiator mode for Active
communication mode and communication mode
chooses the tranfer speed and chooses transfer
and performs the initialisation speed
and the SDD
i &
h 4 v
Activation in Passive Activationin Active '4_-'
communication mode communjcation mode Protocol
by NFCID3 (ATR} by NFCID3 (ATR) | | Activatior
]
‘ 7Yy
Parameter selection Parameter §
| (PSL) Selection | 2
(-
! z
v ADara =
Data exchange protocol Exchange| 5
(DEP) Protoco! |F
!
¥
De-Activation
(DSL.RLS) De-
Activatior
l v
( End transaction j

Figure 3 — General initialisation and single device detection flow

11.1 RF Collision Avoidance

In order not to disturb any other NFC communication and any current infrastructure running on the carrier ‘
frequency, an Initiator for NFC communication shall not generate its own RF field as long as another RF field
is detected.

11.1.1 Initial RF Collision Avoidance

To start communication with the Target device either in the Active or the Passive communication mode an
Initiator shall sense continuously for the presence of an external RF field. See 8.4.
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If the Initiator detects no RF field within the timeframe T\pt + n x Trew then the Initiator shall switch its RF field
on, else it shall restart Initial RF Collision Avoidance. The integer value of n shall be randomly generated.
Figure 4 specifies the timing of the initial RF Collision Avoidance during initialisation.

RF On Send Request

Trrw

Start

Tipt Tirrc

1 x Trrw

Figure 4 — Initial RF Collision Avoidance

Tpr: [Initial delay time.  Tp7>4096/fc

Trrw: RF waiting time. 512/ fc

n: randomly generated number of Time Periods for Tgpyy.
0<n<3

Tirra: Initial guard-time between switching on RF field and start to send command or data frame.
Tirrg > 5 mMs

The RF field, which is generated by the Initiator, shall be switched off in the Active communication mode. The
RF field, which is generated by the Initiator, shall not be switched off in the Passive communication mode.

11.1.2 Response RF Collision Avoidance

To avoid collision by simultaneous responding of more than one Target in the Active communication mode
during activation, Targets shall perform response RF collision avoidance as specified in Figure 5.

RF On Send Response
Trrw
E:
Start
A
TApT TarrG
1 x Trrw
Figure 5 — Response RF Collision Avoidance sequence during activation
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