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Preface

Pigmented coatings are applied to paper and paperboard in order
to form a uniform, smooth, and receptive surface on which to print.
This coating may also improve the general appearance of the sheet or
provide for some special function. The bulk of the coating is made
up of pigment particles which cannot pack together perfectly and,
consequently, a pigment coating is a porous layer which forms the
new surface.

The coating consists primarily of the pigments. However, a binder
is required not only to hold the pigment particles together and to the
base sheet but also to exert some control over the manner in which
the coating layer accepts the printing inks. Certain additives are re-
quired, in addition to the basic pigment/binder combination, to meet
specific operational requirements. The materials are all suspended in
a liquid for convenience, usually water; and the suspension is refer-
red to in the trade as a coating color. This is then applied to the sur-
face of the paper and a drying step follows in which the fluid med-
ium, water, is removed. The properties of the final coating are highly
dependent, therefore, on the many interactions which always exist
between materials, processes, and conditions.

The coating of paper has been traditionally one of considerable art;
and the science, which helps one to understand the process and is a
prerequisite for further progress, has generally followed behind. The
TAPPI Pigments Committee attempted to assemble the important
technical and scientific information together with fundamental
principles concerning the coating pigments, which are widespread in
journals, books, references, etc. of many kinds, into one text and to
apply this to the paper coating system. Since this book is concerned
with fundamentals, many standard references have been cited to
both recent and older literature. The chapters were written over a
period of several years, completed at different times and then up-
dated as necessary. The basic concepts are emphasized and little at-
tempt was made to cover that literature which is related to process-
ing and is continually being revised.
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PREFACE

This monograph is intended as a scholarly work which should
speak to the problem of paper coating and to help workers in the area
to become more effective. The needs for this undertaking fell into
four areas of basic interest: I. Pigment Properties; II. Solid-Liquid In-
terfaces; III. Rheology and Flow; and IV. Properties of Coatings
Controlled by Pigments.

The authors of the various chapters were chosen as authorities in
their respective fields to discuss the physical-chemical fundamentals.
Therefore, real basic principles can be brought to bear on the coating
of paper. The reader is thus called upon to use this fundamental in-
formation to relate to his own problems.

C. L. Garey
Editor

viii



Contributors

K. M. Beazley, English China Clays, St. Austell, Cornwall, England
(10)*

J. H. Fang, Southern Illinois University, Carbondale, Illinois (1)

Erik Forslind, Royal Institute of Technology, Stockholm, Sweden
@

C. L. Garey, Ralston-Purina Co., St. Louis, Missouri (Formerly In-
stitute of Paper Chemistry)

R. F. Ginn, Michigan Technological University, Houghton,
Michigan (8)

G. A. Hemstock, Engelhard Minerals and Chemicals Corp., Menlo
Park, Edison, New Jersey

G. Hunger, Feldmuehle AG, Forschung u. Entwicklung, Glad-
bacher Str. 189, 406 Viersen, W. Germany (Formerly Westvaco
Corp.) (12)

W. D. Johns, University of Missouri, Columbia, Missouri (2)

A. Kaliski, Engelhard Minerals and Chemicals Cotp., Menlo Park,
Edison, New Jersey (13)

J. J. Koenig, Aluminum Company of America, E. St. Louis, Illinois

S. F. Kurath, University of Wisconsin-Oshkosh, Oshkosh, Wiscon-
sin (9)

R. C. Obbink, ALCOA, New Kensington, Pennsylvania (3)

R. H. Ottewill, University of Bristol, Bristol, England (6)

D. H. Solomon, CSIRO, Melbourne, Austalia (5)

J. A. Van den Akker, Consultant, Appleton, Wisconsin (11)

A. C. Zettlemoyer, Lehigh University, Bethlehem, Pennsylvania (7)

*Chapter numbers are indicated in patentheses.

Xvii



Contents

PrLefaCE . o . oottt e e e

ContEIDULOLS . . . o oottt e

CHAPTER .. . ;0 a5l 855 5/0si® 0 6558 % HaE o 55835 Boeis s 58 55 pUpeia #0854 p esin v n s s

Section I—Coating Pigment Properties . .............................

1.

Crystallography and Physical-Chemical Properties of Paper-
Coating Pigments .............. ... ... ... i
Basic Crystallography . s s s s suvissessmmmm s s sommpess s s mmwev o sse
External Symmetry: Crystal Morphology ........................
The Seven Crystal Systems and Thirty-two Classes . ............
The Miller Indices. . ...... ... ... ... . o i
Crystal Habit « .o csisnmiaiivinunmonsisssnmmaisssshomiasssas
Internal Symmetry: Crystal Structure ...........................
The Unit Cell...... ... o e
The Fourteen Bravais Lattices. . c.cvvivrciiimviovaisovmnsrsons
Crystal Structures. ...
SPACE GIOUPS oo 5555 mismms s 55 55 s v e £35S EE 85555 BRI EE05 58
Properties of Crystals ........... ... oo i
Physical Characterization................ ... ..o,
Specific Gravity ::::ssovnssssvsnousaisss srmesiiss vimovesisas
Hardness .. .....ueitt e e

Wettability .. ... ...
Properties of Mineral Pigments .............. ...
Kaolinite, Al4[Sig010] (OH)g. . . ..o v
Crystal ForMine sz ssammus s is 508000758 alBa 8535 6 0Maa 521340
Physical « « coonvo s i ss s osnwmos o on o smmog e v s 55 poomwe v s 55w
OCCULTENCE . . .ottt ettt eiee e e
Calcite,CaCO3.............. B A E £ E R BN S F SRR R 6885 B
Crystal Form ......... ... . ... i
PhYSTOAl 5 5 00mes 555 55 500006 £ 5 6 5 6 Mbubiaii 65 5 & omatin n & 5 2 0.8 ol 62 2 & 5 B
OCCUITONCE o v v s 4w o 66 & o wimremss @ 6 & o % Sevess 5 5 ¥ % 6 RRGSHER o5 5 & & 600
Rutile, TiO2 . ... oo e
Crystab FOTMy: s .« s cosmmuss v s vmmms s 653 550055 5 855 om0 3 85 5
Physical ... ... ...
Polymorphis s s o v i s cs s iomeinssiseibmennsnsenibommsssesos
OCCULTEINCE - o v 55« v v i 5 5% 5 3 Saedi £ £ 55 6 WOUpes £ 5 8 5 5 s SVETS & § 4 8 3 B
Gibbsite, AIOH)3 . ...
Crystal FOrms s sos s mmmue st oo nmmeaasss s aimas 19588 bEsa o555 500
Physical . o uv v vnmmmmiss cssmpumesssssmmwmasss s mmms s 5o
OCCUITENCE . . ..ottt eeeeee e
Talc, Mg3[Sig010} (OH)2 . ... Ty
Crystal Form . ..... ... ... i e
PhysiCal : s s v 5 60mmma 58 535 5 0808 5 5 5 & 5 ndouse o 5 2 2.0 comngmo a s o o 0
OCCUTTONCE w05 s 4w« wommmons s s 5+ 5 mosssm 6 5 3 5 6 W0 8 85 45 SERIE 2 8 5 § 5 40

ix

NOWWWRNIIRAWWN



Zincite, ZnO.

Crystal FOPIY < ;s 555 s 566 55 55508 5 50 02 0 mmon o« + o 0w ismsmin o s o 0 s i

Physical . ..
Occurrence

Ettringite, CagAl2(8S04)3(OH)6:30432H20 . . ... oo
Crystal Form........ ... ... ... ... .. .. .
Physical Form............. ... oo,

Occurrence

2. Relationships Between Crystal Structures and
Physical Properties ........................... ... ... ...
Chemical Bonding......................
A Conceptual Model of Covalent and Ionic Bonding. ..............
Bonding i.J60iG CEystals s o o s 5 smmos s 155 55595 8555955t ns e oo

Ionic Size . .

Electrostatic Valency Principle .............................
HydrogenBonding. ....................oooii i,
Vander WaalsBonding. .....................................

Bonding in Coating Pigments. .. ................................
ZO (ZINCILE) sx s 55655 550555 55 55 5 morscm s s« o m miovessos o s s mimiscatnior s o s o
TiO; (Rutile, anatase, brookite). ... ...........................
CaCOs (Calcite) . .. ov i
ALOH)3 (GIbDSIEE) . . x wmrorg s v 555 mmmes 5555 £ 4505 85 6 o cnsensrn o e o o
Mg38igO010(OH) 2 (Talc) ..o
AlSi;05 (OH)4 (Kaolinite) .. ...,

Crystal Hardness. .. ...
HardnessScale ............................ ... ... ... ......
Relation of Hardness to Crystal Bonding . ......................

Crystal Density . ..... ... ...

Optical Properties ................oo i
Indexof Refraction . ........................................

An Atomistic Model of the Interaction of Light
and AtomsinaCrystal .................. ... ... ... .......
Optical Anisotropism in Crystals..............................

3. Particle Size and Distribution. ..................................
Methods of Determining Particle Size and Distribution ..............
Microscopic Methods. .. .............o
Optical MICEOSCOPE - o« « » s mmsra 57555 55005 451 5 55 bbbt o e o 9 5 smomese o o
Electron Microscope ................. o 5 4 5 R § S § 8 BYGHE 8 8
Automatic Counters and Microscopes .. .......................
Sedimentation Methods .......................................
Gravity Methods .............. ... ... .
Centrifugal Methods . .......................................

Inertial Methods of Classification
Air Classification . ....................

Centrifugal Classification . ...................................
Electric Sensing Zone Instruments ............................ ..
Methods of Determining Surface Area.............................
Gas AdSOIpion. . .........o.uuiuiii

Permeametry

18

19
19
19
19
19
19

53
54
54
54
56
57
58
59
62
63
63

65

67



Liquid Phase Adsorption. .................
Common Paper Coating Pigments ...........

Section II—Solid-Liquid Interfaces ............

4.

Interaction of Water, Ions and Pigment Surfaces ................

Water Structure and Properties..............
Solute Effects on the Water Lattice ........
Water and Hydrophilic Solid Interaction . . .
Hydrophobic Effects and Water Cages .. ...

Interactions of Pigments and Aqueous Solutions ...................

Pigment Characteristics . .................
Adsorptive Stabilization..................

Dispersing Agents, Adhesives and Fluidity Modifiers.............

Starch Coatings; : : s ssommw s esammamaiss
Urea and Clay Coatings . ...............
High Polymer Additives ...............

The Catalytic Properties of Pigments. ... ..
Nature of Pigment Surfaces. ................
Clay Surfaces. . ..........................
Titanium Dioxide Surfaces ...............
Reactions with Organic Molecules...........
Adsorption Reactions and Intercalation . . ..
Adsorptionon Clay....................
Intercalation ..........................
Polymerization and Depolymerization . . ...
Clay Reactions : « « s wwuws s s s s s snsvammvs v o5 5
Titania Reactions. .....................
Dye Reactions on Pigment Surfaces. .......
Interactions with Polymers .................

Polymer Molecular Weight and Weight Distribution .............

Influence of Solvent and Temperature .. . ..
Polymer Flocculation and Deflocculation . .

The Flocculation and Deflocculation of Pig
Clay Structure and Charge. . ................
Origin of Charge on Face of Clay Crystal ..
Counter-ion Adsorption................
Double-Layer at Edges of Clay Crystals .. ..
The Dual Nature of a Clay Surface........

ments...............

The Co-ion Concentration Near the Clay Surface................

Particle-Particle Interactions. . ..............
Potential Energy of Attraction ............
Retardation of van der Waals Attraction . . .
Force of Interaction Between Surfaces ... ..

Total Energy of Interaction: Theory of Dispers
Plocculationt e sss s smmma ey s s mens 50 8 5 s

ion Stabilicy..........

Deflocculation of Kaolinite by Sodium Hydroxide ...............

Deflocculation Using Surface-Active Agents

xi

110

117

136
139
140
145
147
149
152
154
159



Deflocculation Using Phosphates. ..............c...ooviiine.. 161

Deflocculation with Polyacrylic Acid........................... 165
Nomenclature. . . ... e 166
7. Wetting and Adhesion at Pigment Surfaces ..................... 172
Physical Interactions at Interfaces ............. ...l 172
Definition of Terms .........o.uiiiiuiioiiiiiiiii iy 172
The Geometric Mean Method .......... ... ...l 177
The Arithmetic Mean Method ................................. 181
Measuring Dispersion Energyof Solids. ........................... 182
Contact Angle Measurements. . ........ovvevtenreneennennerenss 182
Heat of Immersion Measurements . ..................cooiieinnn 191
Comparison of Contact Angle and Heat of Immersion
ReSULES . ..ottt e 194
Adsorption Isotherm Measurements ...................ooeonn.. 196
Application to Kaolinite Surfaces ............... .. ...l 196
Colloidal Charge Properties. . ................oiiiiiiiiiinnn, 197
Coating Adhesive Demand . . .............ooiiiiiiiiiiiiiin., 198
Nomenclature. .......... .. .. 198
Section III—Rheology and Flow of the Coating System .............. 201
8. Fundamentals of Flow ................. ... ... ... 204
Viscometric Flow of Pigmented Systems .......................... 204
Qualitative Considerations. . . ...........ooviiiiiiiiiiiainnn.. 204
FIOW CULVES « .ot ottt et ettt e 205
HETEEOBENICTY . v v v v o oo mnoss o84 35 5 a0 A5 45 bW 3578 8 REHEERTS 208
Constitutive Equations and Field Equations. ....................... 208
Kinematic and Stress Tensors............cooiiiiiniiiiiiina... 208
Field EQUationS: . s s s s smmmss s o8 6 emmn ar s 5 s aeinws v assnmmmsscso 209
Requirements of Constitutive Equations. . ....................... 210
A Specific Constitutive Equation of the Maxwell Type ........... 211
Dimensionless Groups: « «ooo oo v v wmmmn e e s omwmme e e ot smmomses s 214
Viscometric Flow. ........ .. . 214
Simnple SHEAr s ac s vmmms s3 5 50 pommms sa 558 wwn e s oo a s wmmems oo s 214
Viscometric Flow. .. ... ... o i i 215
Application of the Maxwell-type Equation ...................... 216
Elongational, FLOW. s « s s swuncs s v 2 5o wrsssmoss o s 6 o o msosvin o6 40 o 0 oo wo o < o n o 218
Description of the Flow . .............. ... ... .. ..ot 218
Importance of Elongational Flow............... ..o 219
Published Experimental Results................................ 219
Steady State Elongational Viscosity Predicted by
Constitutive Equations . . . .. .covnwiiiianvnvniiiiivyirove i 221
Application of the Maxwell-type Equation to
Elongational FIoW .ouccsiisnssmssriissmmsissnssvsanssisisssas 221
Prediction of Steady Elongational Viscosity from
Viscomietric Resules. . oo usmmsssssos srmns s o555 ampma £ 54 % 5 5w 225
Prediction of Time Effect on e from Viscometric
Shear and Steady Elongational Flow Resules .................. 224
Film Splite s i snvmmpnsrosspmmmessas s wmmonos s s s o s o womn 225
Steps in the Film Split Process . .................... ... ... . ..., 226
The Initial Separation Process ................ ...t 226

xii



10.

Cavitation . . . ...
Filamentation . . .

Filament Break and Recovery .............. ... .. ... ... ...

Filament Break

FilamentRecovery.......... ... ... ... .o il
Viscometric Flow in Nips, with Particular Reference to

the Blade Nip . . .

Penetration of the Sheet Before the Nip. .........................
Penetration UndertheBlade ...................................
A Qualitative Look at Blade Nip Flow as

ViscometricFlow......... .. ... . ... .. .. .
Published Analyses of Blade Coating as

Lubrication Flow .......... ... .. .. .. i i
A Suggested Model of the Blade Nip ............................
Deviations from Ideal Lubrication Flow. .........................

Generalized Flow
Restriction to the
Fluid Behavior

Between ParallelPlates. . ......................
Power Law Model for Viscous

TheSpecial Case Vi=Vo=V3 . ..ooiiiiiiiiiiinnnininnnninns
Application to General NipFlow .. .............................
The Blade Coating Nip..........ovuiitiiiiini i
Notation and Tensor Operations. .............c...oovvieiieenn. ...
Coordinate Systems . .. ......c..ovntiiiii i
Tensor and Vector Notation. . .................cooiiiiiiiinn.n...

Time Derivatives
Notation .......

Of TENSOLS . ..o oviii e

Flow of Pigment-Water Systems................................

Flow of Uncharged

Particles in Suspension........................

Suspensions of Rigid Spheres...................................
Non-spherical Particles .......................................
Aggregate Formation .................. ... ... ... L
Hydrodynamic Theories of Charged Particle Suspensions ...........
Firsc Electroviscous Effect .....................................

Separation of Electroviscous Effects.............................
Hydrodynamic-Structural Theories of Viscosity....................
Flow and Structure ...
Rate Processes and Shear Thinning .............................

Flow of Kaolinite

Suspensions. .. ...

Surface Properties and Yield Strength ..........................

Shear Thinning and Elastic Recovery

Shear Thickening
Viscosity of Multim
Wall Effects.......

Concluding Remarks

Nomenclature. . . ..

odal Suspensions. ... ...l

The Flow of CoatingColors ....................................
Arithmetic and Color Rheology. ..................................
Coating ColOFRNEOIORY wuw v s 55 s wummns 59555 masm s 55 55 5 Busibinr o o e o » 1 e

Effect of Composition ....................ooiiii

254

255
259
261
264
265
266
268
268
268

269
273
279
281
282
284
289

296

304
304
307
307



Pigment Type............
. Titanium Dioxide ... ...

Precipitated Calcium Carbonate (PCC)........................
Ground Calcium Carbonate. ............................... ..

BlancFixe .............

Zinc Based Pigments . . . .
Binder Type and Level . .
Casein and Protein. . . . ..
Polyvinyl Alcohol ... ...
Cellulose Derivatives. . . .
Latices ................

Effect of Migration. .. ... ..
Effect of Stability .........

Effect of Flow Modifiers on Color Rheology . .....................
Viscosity Reducing Additives ............................... ...
Viscosity Increasing Additives........................... .. .. ...
Rheology in the Processof Coating . ............................. ..

Conclusions................

Section IV—Coating and Pigment Properties. ..................... ..

11.

12.

Optical Aspects of Coating Pigments ..................... .. .. ..

Basic Considerations . . ... ...

Adhesives and Impregnants
Optical Effects .............

Brightness ...............
OPACILY « : « v ss s 5864 mae s
Gloss....................

Properties of Pigmented Paper Coating. ........................
Application and Drying of the Coating ................. ... .. . ..

Base Stock Properties . . . ..

Composition and Construction

Surface Roughness. . .. ..
Penetration ............

Penetration by Absorption

Penetration by Pressure .
Paper Machine Effects . .
Coating Applicators ... ...
Print Type. : .. ovveisiss

Coarse-Paper Interaction
Roughness from Pigment

308
310
310
311
312
312
312
314
317
319
319
319
320
321
323
324
326
326
329
333

337

338
339
346
346
346
348
349
353
354
355
355
358
358
360
363

365
366
366
366
367
369
369
372
374
377
377
377
378
384



13.

Interactions During Application. ............... ... . ... ..... 387

Drying of Coating . ... ..ottt 389
Pigment and Binder Migration. . ..., 389
Pigment Dislocation During Drying . . ........................ 392
Pigment-Pigment Binding. .......... ... ... ... ... ... 393

The Dried Coating ...t 394
Morphology. .......... .. ... 395
Void Volume Relationship: « . v e s smmsssssssmmenssssssms 397
Desirable Coating Properties. .................. i, 399

Finishing: of Papers: . « . s sy sspmumme s v s e 65258 5 aum 025355 6 403

Machine Calendering . ......... ... ... ... .. .. i, 403
Before COoating : s s s 55 135 508 £ 55 55 4 mmsmmn o o 20 0 momssin oo s o o0 o 404
After Coating . ..... ...ttt 405
Hot On-Machine Finishing . ................................. 406

Supercalendering of Paper..................................... 407

Other Finishing Processes. ..................... ... ..., 415

Coated Paper Properties. . ..........c..ouviiinioiiiiaa ... 416

Printing Processes and Their Requirements. . .................... 416

Smoothness ........ ... .. 417

Printability «oee s o5 mmus a5 555 5 588050 2 5 v mommeron s s 0 0o n s 5 0 418
Varnish Holdout .......... .. .. ... ... ... ... 425

Pick Resistance. ..............ouiiuiiiiiinn i, 426

L T 430

Printability of Pigmented Paper Coatings....................... 435
Definition of Printability.............. .. ... .. ................ 435
Physical and Chemical Characteristics of Coated Substrates .. ... .... 436

Surface StrUCTULE . ... ..ottt e 436

Internal Structure........... ... .. . o 437

Mechancial Properties ................... ... .. ... .. ... 439

Chemical and Surface-Chemical Factors. ............... e Eiiie s 446

The Behavior of Coated Paper During Printing.................... 447

Mechanical Forces in a Printing Nip ........................... 447

Printing Contact ...............oviiiiiiii 448

Injection of Ink Into Coating Interior ........................... 450

Ink-Film Split and Completion of Ink Transfer .................. 453

Dynamic Effects in Ink-Film Splitting .. .......................... 455
Coating PICK: oo oo s s s a6 55 5065 8 5 55 85 55m 50 s v 00 mmesmn o n s o s 455
Wet-Pick . ... 456

Phenomena Occurring After Printing Impression .................. 457

Vertical Redistribution of Ink.................................. 458

Lateral Redistribution of Ink. .. ............................. ... 463

Set-off. ... 463

Laboratory Evaluation of Printability ............................. 464
Printability Tests ..o issumeesssismmmmonsnnnmmmenssosmmeennsos 465

BOER . s« = o commin v 4 5 030850 58 55 5 5 GUEHE 2 8 5 0§ LI & 0 5 o o 5 oo o o o 489

Xv



Section I
Coating Pigment Properties

J.J. KOENIG
Assoc. Ed.

INTRODUCTION

In discussing the physical chemistry of pigments in paper coatings,
it is desirable to begin with a description of the basic properties of
the pigments themselves. Some of these properties were described in
previous monographs (No. 20 and No. 30) which emphasized tech-
nology. The information in Section I of the present monograph is
considerably more comprehensive and fundamental.

Chapter 1 explains modern concepts of the structure of crystals
and gives details of the structure of the seven pigments most com-
monly used in paper coatings. Chapter 2 discusses the nature of the
bonding between atomic constituents in pigment crystals and how it
relates to properties such as hardness, density and optical behavior,
all of which are important in the utilization of the pigment. Chapter
3 describes methods for measuring particle size and points out the
precautions that must be taken in interpreting these measurements.



|

Crystallography and Physical-
Chemical Properties of
Paper-Coating Pigments

J. H. FANG

A number of inorganic pigments, in various combinations, are ap-
plied as a coating to paper and paperboard in order to form a new
surface which is smooth, opaque, and usually white as well as bright.
The new surface makes it possible to produce high quality printed
images because there is not only a significant increase in smoothness
but also a reduction in porosity from that of the base sheet which is
both rough and highly porous due to its fibrous nature.

The important coating pigments are similar in both composition
and physical structure to materials found as minerals in nature and,
therefore, can be described on the basis of their mineralogy. Thus, all
the pigments have definite chemical and physical properties. Certain
of the natural pigment forms can be made useful directly by in-
dustrial beneficiating processes, such as in the case of kaolinite clay,
which is the most widely used pigment for paper applications.
However, many must be reformed or synthesized in order to have
appropriate properties. Coating pigments are characterized, for the
most part, as being stable, insoluble, chemically inert, and relatively
pure materials. Special organic pigments, used in small amounts, and
those materials used as colorants in paper applications, are excluded
from this discussion.

The purpose of this chapter is therefore two-fold: to introduce
crystallography at its most elementary level and to give pertinent
data on important pigments used in paper coating. Due to space
limitation, crystallography is not discussed in any great detail, but
rather the chapter is concerned only with the definitions of vocabu-
lary, so that the last section of this chapter—descriptions of some
mineral pigments—can be understood. We shall start considering ex-
ternal symmetry which is manifested in the crystal morphology, and
how symmetry requirements result in the existence of a limited
variety of crystal classes. Miller indices and directions are then in-

2



1. CRYSTALLOGRAPHY & PHYSICAL-CHEMICAL PROPERTIES 3

troduced because it is often necessary to describe a particular
crystallographic plane or a particular direction within a real three-
dimensional crystal. A brief discussion of crystal habit is also in-
cluded. The chapter continues with a look at the internal symmetry
of a crystal—crystal structure. This leads naturally to a discussion of
the unit cell, the fourteen Bravais lattices and space groups (zs. point
groups of excernal symmetry). Next, the chapter considers physical-
chemical properties of minerals and ends with a descriptive list of
important mineral pigments. Under each pigment, a brief descrip-
tion is given, then pertinent crystallographic data—space group,
unit-cell dimension, a drawing of the crystal structure, and X-ray
powder diffraction lines—are listed. Under physical properties,
specific gfavity, hardness, cleavage, habit, color, etc. are given.
Lastly, natural occurrence of the mineral is cited, for the benefit and
interest of chemists. If a mineral occurs in more than one type
of structure (polymorphism), the different structures are also
mentioned.

BASIC CRYSTALLOGRAPHY
External Symmetry: Crystal Morphology

The Symmetry Elements. Mineralogists were first able to catalog
crystals by recognizing them as a special kind of solid, bounded by
plane faces. Certain simple crystals were found in which each type of
plane occurred as parallel pairs on opposite sides: such a crystal has a
center of symmetry. Even if it is not so symmetrically bounded, a
crystal can still be divided into two parts in such a way that one part
is the mirror image of the other part; such a crystal has a plane of
symmetry. If a crystal can be rotated about an axis in such a way that
it repeats itself two or more times during a 360° rotation, it is said to
have an #-fold axis of symmetry (» = 360°/X; X is the repeat angle).
Observations showed that X can assume only the values 360°, 180°,
120°, 90° and 60°; that is, in addition to identity axis (7 = 1), there
appear only diad (# = 2), triad (7 = 3), tetrad (n = 4),and hexad (» =
6) axes in the crystal world. Knowing the allowed symmetry ele-
ments (center, planes, and axes), space geometry can be used to
derive the number of crystal classes made possible by various com-
binations of such elements. For example, a cube contains the largest
number of symmetry elements: one center, nine mirror planes, and
thirteen axes (3 tetrads, 4 triads, 6 diads). Fig. 1.1 (I) illustrates these
symmetry elements.
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Fig. 1.1. Symmetry elements in a cube: a symmetry center; nine mirror planes; three
4-fold, four 3-fold, and six 2-fold axes (7).
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