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Foreword to Second Edition

Inmetallurgical production and the creation of new types of metallic materials,
powder metallurgy has steadily gained importance. P/M research and develop-
ment has placed the powder techniques in competition with more conventional
techniques. Powder metallurgy has succeeded in the fabrication of alloys which
cannot be produced by melting and casting methods. Powder metallurgy further
has succeeded in the development of high strength material by distribution of
fibers into a metal matrix. Titanjum carbide alloys with larger amounts of carbon
made by powder metallurgy proved to have exceptional strength properties.

The first edition of Hausner’s HANDBOOK OF POWDER METALLURGY is
internationally known. However, it is not up-to-date and not available anymore.
This second edition of the HANDBOOK is considerably revised and brought up-
to-date by H.H. Hausner and M. Kumar Mal, both highly recognized by the
international community of powder metallurgists.

In the first edition, most of the data were presented in English units; this
second edition contains all the data also in the metric system. This should make
the book more valuable for the international readership. More detailed informa-
tion is given on powder production by atomization, on isostatic pressing, forging,
carbide tool production, cost calculations, etc. All this will be welcomed by the
readership.

This second edition of the HANDBOOK will definitely contribute to a better
understanding and further development and advancement of powder metallurgy.

Prof. Dr. Waether Dawihl
University of Saarland



Foreword to First Edition

Powder metallurgy has long since grown beyond the stage of being used pri-
marily for the processing of refractory and other special materials, and has
become serious competition for classical forming methods. Today, for economic
reasons, all sorts of nonferrous metals and alloys, as well as steels, are increasingly
being processed by powder metallurgical means. Engineering and scientific view-
points interact directly with one another in this field to a degree that is only
rarely found in other technologies.

Powder metallurgy has grown to be such a comprehensive field today, at first
glance, one might think it impossible for a single person to describe it completely.
But this view is quickly dispelled by Dr. H. H. Hausner’s HANDBOOK OF
POWDER METALLURGY. It covers the entire field, with its various branches
and refinements, while at the same time remaining within the bounds of manage-
able size and readability. By avoiding unnecessary descriptive text and concen-
trating instead on graphical presentations which explain basic relationships, and
on tables which put forth a variety of data, Dr. Hausner has achieved a concise
presentation. It shows him to be an expert whose experience has guided him in
presenting all the essentials of his field.

We are convinced that this handbook will meet with great success and will
soon become indispensable to all powder metallurgists, the scientists as well as
the practitioners of the art. We congratulate Dr. Hausner on the completion of
this excellent work which will bring him both respect and gratitude of the
powder metallurgical profession.

Prof. Dr.-Ing. habil Erich Gebhardt
Director of the Max-Planck-Institut fiir Metallforschung
Institut fiir Sondermetalle, Stuttgart

Dr. rer. nat. Giinter Petzow

Head of Powder Metallurgy Laboratory of the
Institut fir Sondermetalle,

Max-Planck-Institut fiir Metallforschung, Stuttgart
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Introduction

This Handbook was originally compiled as a teaching device to be used in powder
metallurgy courses, and as a supplement to the existing text books. All the
information given therein is in the form of tables and graphs, which deal with
the principles and technology of powder metallurgy. Hundreds of examples are
given for the changes in properties of P/M products as affected by the processing
variables. This Handbook will therefore be valuable not only for students and
teachers, but also for the practical powder metallurgists involved in research,
development and production, and for those who design parts fabricated from
metal powders.

The book is divided into 21 chapters. Chapters 1 to 11 deal with the charac-
teristics of powders and the principles and characteristics of powder metallurgy
processes; chapters 12 to 21 with special materials and properties. The Appendix
deals with powder statistics, prices and costs, physical and chemical data on
metals, and the terminology of powder metallurgy.

In the first chapter, an attempt was made to cover the fundamentals of
powder metallurgy in diagrams and tables showing the basic variables in powder
metallurgy processing. The method of presenting the fundamentals in form of
principle graphs has its merits, and was found to be useful as a first introduction.

Chapters 2 to 4 concern powder production and characteristics, the principles
of powder comminution and of powder mixing. The basic commercial methods
of powder production, and the advantages and disadvantages of each method are
listed. Many examples are given for the characterization of powdered materials.
Various types of milling and mixing equipment are listed, and an evaluation of
the degree of mixing is presented.

Compaction of powders, unidirectional pressing and other methods are pre-
sented in Chapter 5. The important problems of friction during powder compac-
tion are shown in Chapter 6, and the types and applications of various lubricants
for decreasing friction are discussed.

Chapter 7 deals with the principles of sintering, the theories as well as the
technological aspects. Sintering furnaces, sintering atmospheres, and data on the
effect of atmospheres are discussed in Chapter 8.

One of the great advantages of powder metallurgy is the formation of alloys
in the solid state of their constituents. This data, including diffusion data, are
given in Chapter 9. In chapter 10 will be found information on hot pressing, the
combination of compacting and sintering and the effect of hot pressing condi-
tions on the properties of P/M parts. Information on the forging of P/M pre-
forms, which represents the latest development in powder metallurgy, is given in
Chapter 11.

Chapters 12 to 21 deal with powder metallurgy products of different ma-
terials or special properties.



Chapter 12, the most extensive in this Handbook, concerns iron powder
metallurgy. It is divided into six subjects: iron powders, sintering of iron, iron-
nickel alloys, iron-copper alloys, other iron alloys and steels, and various treat-
ments of ferrous P/M parts. Although the tables and graphs of this chapter are
not complete, they represent an extensive and worthwhile review of this most
important part of powder metallurgy production. Information on copper,
bronze and brass, and other copper alloys, is given in Chapter 13. Emphasis
therein is on prealloyed powders.

The powder metallurgy of light metals includes information on aluminum and
titanium, and their alloys, representing the latest development in powder metal-
lurgy, while also offering interesting production aspects for the future. Data
given include beryllium and magnesium. Chapter 14 is on light metals and offers
interesting new insights into the powder metallurgy of these metals.

Tungsten plays an important role in the history of powder metallurgy. It was
one of the first commercial products produced from metal powders. Chapter 15
deals with the powder metallurgy of tungsten, molybdenum and other refractory
metals and alloys, and data is given in the many tables and graphs. Soon after the
development of powder metallurgy, tungsten refractory compounds such as
tungsten carbides were produced from powders and revolutionized the tool
industry.

Chapter 16 deals with refractory compounds and cemented carbides, and the
latest developments in this field. During the last few years, the main emphasis
was on refractory compounds for the space industry.

Electric contact materials are also early products in the history of powder
metallurgy. Chapter 17 reviews the P/M materials for electrical applications.
Chapter 18 deals with porous materials. The changes in porosity during powder
metallurgy processing and special filter materials are described in the tables.
Friction and anti-friction materials (bearings) are discussed in Chapter 19. Dis-
persion strengthened materials reinforced by particles or fibers are the subject of
Chapter 20. Chapter 21 refers briefly to non-destructive testing of powder metal-
lurgy produced.

This second revised and extended edition of the Handbook was a necessity.
Since the publication of the first edition in 1973, powder metallurgy has grown
in many new directions and in tonnage production. It was therefore necessary
to add new material and increase the number of pages from 482 to approximately
600. In the first edition practically all the data was presented in the English sys-
tem: this second edition contains all the data also in metric, SI-System to facili-
tate the use of the book for the international readership. Another good reason
for issuing the second edition is the fact that the first edition is completely sold
out and that many orders for the book still come from all parts of the world.
Under these circumstances the second edition was a necessity. The re-editing of
the book was not simple but all the reasons for re-editing were stimulating for
the authors. It was our intention to present a maximum of information in con-



centrated form to the practical powder metallurgist and to stimulate many new
problems for the theoretically oriented metallurgist.

The presentation of the P/M fundamentals in the form of principle graphs
which was offered in the first edition was definitely a success. During the last
ten years these graphs were frequently used in P/M lectures and courses. We
have tried our best to present the variables in the various types of P/M process-
ing in the form of tables in order to call the attention of the readers to the facts
and circumstances which may cause deviations from the basic principles shown
in the graphs. Many graphs and tables were added in this second edition.

Additional information in this edition was given with respect to atomization,
porosity characteristics, forging, and hot isostatic pressing. The P/M statistics
were updated and an appendix was added that includes the computerized unit
cost calculation in P/M parts production.

We have compiled a handbook consisting of graphs and tables practically
without text. Nevertheless the first edition of the book was frequently used as a
textbook in many P/M courses and lectures because data in the graphs and tables
provided valuable “practical examples.”

Henry H. Hausner
M. Kumar Mal






chapter 1

Principles of Powder Metallurgy

The following 65 principle diagrams show some of the important fundamental
correlations between powder characteristics and processing variables in powder
metallurgy and the effect of these variables on some properties of compacted
and sintered metal powders. Needless to say, this collection of diagrams is not
complete. They were used by the author to introduce the principles of powder
metallurgy to his students, and the graphic presentation was selected because
simple curves are easier to remember than words.

These principle curves show just the trends in the correlation of the variables.
The reasons for these correlations are to be explained by the teacher and
examples with precise data, based on experimental work, should be added.
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Fig. 1.1. Effect of powder particle size on
the density of the loose powder

a) apparent density

b) tap density

Fig. 1.2. Specific surface of the powder
mass as a function of particle size

Fig. 1.3. Effect of mixing of coarse and fine
powders on the density of a loose powder
mass

a) apparent density

b) tap density

Fig. 1.4. Apparent density of a powder as
affected by particle shape

a) spherical

b) round

c) irregular

d) dendritic



Fig. 1.5. Effect of the amount of lubricant
added on the apparent density of a powder
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Flow of Powders
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Fig. 1.8. Effect of particle size and opening
diameters of the flow device on the flow of

powders

a) small opening dia.
b) medium opening dia.
c) large opening dia,

Fig. 1.9. Flow time as affected by the
specific surface of the powder

Fig. 1.10. Various
a) spherical

b) rounded

¢) angular

d) acicular

shapes of metal powders
e) dendritic
f) irregular
g) porous
h) fragmented

Fig. 1.11. Effect of powder particle shape

on the flow time

a) spherical shape
b) irregular shape
¢) dendritic shape
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Fig. 1.12. Effect of particle size and
oxidation on the flow of metal powder

a) oxidized particle surface

b) metallic particle surface

Fig. 1.13. Flow time of metal powders as
affected by humidity (a) and temperature
(b)

Fig. 1.14. Effect of mixing time on the
degree of mixing for 3 different types of
mixers

Fig. 1.15. Degree of powder mixing as
affected by the ratio of the mixer volume to
the volume of the powder
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Antifriction materials, 519 ff
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of lubricant, 166
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tungsten powders, 418
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vs. % lubricant, 3
WC powder, 418
Application of ferrous P/M parts, 551,
556,557
Application of iron powders, 551
Application of nonferrous parts, 558
Aquadac, 156, 159
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conventional types, 28
effect of pressure, 29-31
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Atomized iron powder, 271, 338

Automobile industry and P/M, 551,
552,554

Average density, 104

Average particle size, definitions, 39

B

Bakelite vibratory compaction, 140
Ball milling, variables, 65

Barrium ferrite, milling, 71

Bearings, see porous bearings, 519 ff

Beryllium, effect of BeO on strength,

393,394
effect of sintering atmospheres, 171
forging, 396
grain size vs. particle size, 396
grain size vs. strength, 393
hot forged, 262
hot pressing, 392, 393, 394, 395
loose powder sintering, 392
P/M vs. cast, 394
powders, various, 391
thermal properties, 370
warm pressing, 393, 394, 395
Beryllium oxide, diffusion coefficients,
196
effect on strength of Be, 393, 394
BET method vs. FSS, 33
Binders for powder compactions, 146
Blenders, various types, 79
Borides, methods for fabrication, 455,
456
Boron, addition to iron, 300, 301
Brass compacts, green properties, 361,
362,363,364
forging, 256
hot pressing, 238, 240
powders, 361, 362, 363, 364, 365
properties, 336
repressing, resintering, 365
sintered properties, 362, 363, 364,
365

Bronze bearings, compacts, sintered
properties, 361, 366
effect of % lubricant on flow, 166
grain size, 360
green properties, 360, 366
infiltrated into iron, 312
porous bearings, 519, 520, 525

powder, 360
pressures, 103
properties, 336

C

Carbides solubility into Co and Ni, 483
Carbonyl iron, linear shrinkage, 201
iron powder compacts, porosity, 275
sintering, 283, 284, 285, 286,
287,288
nickel, effect of coining pressure,
111
effect of sintering atmospheres,

174,175
electric resistivity, 490
process, 35
Carburization, effect of density on
depth, 322

of high melting metals, 454

Cemented carbides, abrasive wear, 472,
473
applications, 459
crystal structure, 467
effect of carbon content, 488
effect of compacting pressure, 462
effect of grain size on strength, 461
effect of mean free path, 478
effect of mixing, 83, 461
effect of particle size, 476,477,478,
479,488
effect of % binder, 476 ff.
effect of sintering temp., 482, 487
effect of sintering time, 463, 487
effect of WC grain size, 461, 478
elastic modulus, 481
grain size, 478
hardness of WC-Co, 462,482, 484
hardness vs. Co-content, 466, 471
hardness vs. grain size, 466
hot isostatic pressing, 475
manufacturing process, 463
oxidation rates, 469
for P/M tooling, properties, 459
quality control, 464
reaction of various carbides with Co,
467
strength vs. density, 461, 462
strength vs. grain size, 461, 462
tantalum carbide, 473, 474, 487
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tensile deformation, 476, 477
TiC VC Mo,C-Ni, 468
titanium carbide, 472, 473
tungsten diffusion into Co, 462
various compositions, 485
WC-TiC-Co, 485
Cemented steels, 313
CENCO photelometer, 49
Characteristics of powder, 18, 19
Chromium, content in stainless steel,
231
vibratory compaction, 139
Chromium carbide, effect of sintering
temperature and time, 182
hot pressing, 246
solubility into Co and Ni, 483
Chromijum-nickel alloys, 331, 333
Classification of ferrous materials, 297,
298
Cobalt, dilatometric sintering curves,
199
effect of milling, 76
Cobalt-nickel, densification parameter,
228
interdiffusion coefficient, 228
Coefficients of friction for various
metals, 167
vs. surrounding atmospheres, 167
Coin silver, 368
Coining of electrolytic iron, 298, 299,
334

Coining pressure effects on nickel, 112,
113,114
Coldstream steel powders, 338
Compacting, isostatic vs. unidirection-
al, 121
at low temperatures, 109
Compacting pressure, effect on mag-
netic properties, 292
vs. average density, 104
vs. density, 7, 8
vs. electrical resistivity of carbonyl
nickel, 498
Compaction, 91 ff
methods, various, 92
ratios for various powders, 103
rocking die method, 92, 99
time vs. green strength, 110
Compatibility of some elements in re-
fractory metals, 411
594

Complicated shapes, 112,113
Compressibility of various powders, 94
Compression ratios, 103
vs. particle size, 3
Computerized P/M cost calculating,
573 ff
Consumption of metal powders in
US.A., 544
Cooling effects on “316L Steel,” 323
Cooling rate, effects on tungsten alloys,
447
from sintering temperatures, 216
Copper, activation energy, 194
alloys, hot pressing, 367
compacts, densification parameter,
351,352,353,354,355
dimensional changes, 351
effects of particle size, 350
effects of pressing speed, 108
effects of pressing temperature,
109
effects of stearic acid, 349
green strength, 349
porosity, 350, 357
dilatometric sintering curves, 200
effect of oxide films, 203, 204
effect of sintering temperature and
time, 172, 200
hot pressing, 237, 239, 240, 242,
243
hydrogen sintered, 351, 355, 357
neck growth during sintering, 191
oxide, reduction temperature, 349
particles with oxide films, 354, 355
physical and mechanical properties,
348
powder, effect of compacting pres-
sure, 349, 350
effect of lubrication, 159, 161
effect of particle size, 359
metallurgy, 347 ff
properties, 349
sintering atmospheres, 357
conditions, 358, 359
of wires, 197
vacuum sintered, 354, 357
Copper-aluminum diffusion, 229
Copper-nickel compacts, electrical re-
sistivity, 230
homogenization temperature, 231



Copper-platinum diffusion, 229
Copper-tin alloys, 359, 360
effect of % lubricants on density,
166
Copper-tungsten mixtures, 368, 369
particle size effects, 369
porosity effects, 369
Copper-zine diffusion, 229
Corrosion of W-Ta, 433

Dilatometric following of sintering of
Al-systems with liquid phase, 380,381
following up of sintering, 199 ff
sintering curves of aluminum, 389
Dimensional changes of copper com-
pacts, 351
Dispersion
373,374,375,376

strengthened aluminum,

titanium, 404, 405

Cost calculations in P/M, 563, 565 ff, Dispersion strengthening, 525 {f

573 ff

Coulter counter, 48

Cracked ammonia, effect on sintering,
175

Cyclic sintering, 295, 296

D

Definitions of P/M terms, 559 ff
Deformation during compaction, 93
Densification during sintering, 170 ff
Densimet materials, 442
Density vs. compacting pressure, 7, 68,
109
distribution in green parts, 102
of metals, 541
Design of P/M parts, 143 ff
Dewaxing zones in sintering, 212
Die materials, 116
factors affecting wear, 115
life (number of parts), 116
materials compositions, 117
materials evaluation, 116

of aluminum, 531, also see SAP
copper, 535

dislocation motion, 527

fiber materials, 530 ff

fiber strength, 530, 531

fine oxide films, 528, 529

fine particle dispersions, 528, 529
internal oxidation, 527, 535
methods and variables, 525
Ni-ThO,, 529

strength vs. temp., 526, 527, 528

Double action pressing, 96
Double pressing of Fe-Cu-C alloys, 343

Ni-Fe alloys, 305
304L steel, 344

Drag diameter, 39
Drain casting, 131
Drum inclination vs. mixedness, 6, 87

E

Ejection from die, 97, 161, 162

pressure vs, lubricants, 11
pressure vs. % lubricant, 162, 163

Diffusion coefficients, cobalt-nickel, El;gcérical conductivity of Al-alloys,

228

coefficients vs. vacancy concentra-
tion, 196

coefficients of various elements in
iron, 229

data for several systems, 196

directional, 229

grain boundary, 195

in iron, 274, 275,276

of molybdenum into tungsten, 434

surface, 188

tungsten into cobalt, 462

volume, 187, 195

vs. surface state, 195

vs. temperature, 195

W-Cu-Ni alloys, 441, 443

Electrical contact materials, 489 ff

Ag-Ca0, 493, 494, 504

noble metals, 505

silver-iron, 492

silver-nickel, 492

silver-tungsten, 492

various types and applications, 490

WC-Ag, 502
W-Cu, 493, 494

Electrical resistivity vs. compacting
pressure, 490

of copper-nickel, 230
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of “green” compacts, 10, 110
of iron and alloying elements, 490
of Mo-Ni-Cr alloys, 436
of Ni-Cu alloys, 440
of nickel compacts, 491
of W-Mo alloys, 434, 435
of W-Ta, 433
Electrolytic iron powders, 269, 271
hot pressing, 234
sintering through phase transforma-
tion temp., 202
Electrolytic preparation of powders, 34
Endothermic gas generator, 217
Exothermic gas generator, 217

vs. % lubricants, 61
vs. radius of orifice, 59, 60

Forging, advantages, 251

of aluminum, 256

aluminum alloys, 390
beryllium, 396

of brass, 256

effect on grain size, 254

of iron powders, 253, 254

of P/M parts, 250 ff

of steel, 255 ff, 338
titanium, 406

variables of process, 251,253

Free-falling diameter, 39

Expansion after compaction, 110, 161  Friction between various metals, 167

after ejection, 161, 162,163
of heavy metal alloys, 448
Explosive compaction, 135, 136
densities, 135
Extrusion of magnesium, 407, 408
of powders, 129, 130

F

Fabrication costs in P/M, 564 ff
Fatigue, effect of compacting pressure,
342,343
effect of nitriding, 340
of sintered iron and steel, 327, 328,
329,330, 339, 340, 341, 342
Fiber, cost vs. diameter, 531
effect of cold reduction, 533, 534
reinforced materials, 530 ff
strength at elevated temp., 530, 532
strength vs. diameter, 530, 531

coefficients for various metals, 58
effect of oxide films, 167
materials, 516 ff
compositions, 517,518
effect of graphite, 518
friction coefficients, 517,518
iron base compositions, 518,519
requirements, 516
in powder compaction, 147
mixing, 78
at various atmospheres, 167
vs. hardness, 167

G

Gas fired furnace, 212

generators, flow diagrams, 217,218
permeability in porous tungsten,
426,510

Flow of copper-tin, effect of % lubri- Glossary of P/M terms, 559 ff
cants, 166 Gold, activation energy, 194
effect of humidity, 5 Gold-lead diffusion, 229

of powders, variables, 56 Grain boundary diffusion, 195
of powders vs. particle size, 3, 4
rate of powders vs. lubricant, 157,
163

rate of powders vs. particle size, 157
time, effect of humidity, 5,57
time, effect of oxide layers, 5
time, effect of particle size, 5
time, effect of temperature, 5, 57
time, vs. specific surface, 4, 56, 58
vs. green strength, 56
vs. lubrication, 40
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growth, effect of atmosphere, 360
effect of P/M variables (schemat-
ic), 183
effect of sintering conditions, 182
fundamentals, 176 ff
nucleations during sintering, 198
size, effect on diffusion, 462, 463
of forged preforms, 254
of iron compacts, 291, 292
of iron vs. boron content, 300
in sintered copper, 356, 359, 360



of sintered steel vs. compacting
pressure and sintering time, 185

of talc, 493

of tungsten, effect of reduction
temp., 415

of tungsten alloys, 428

vs. particle size, 47, 296

vs. particle size of Be, 396

vs. particle size of carbide pow-
ders, 488

vs. particle size, effect of sinter-
ing time, 184
vs. strength of beryllium, 394
vs. strength of W-Ni-Cu alloys,
449
of WC-Co, 476,477
structure of sintered material, 16, 17
Graphite, effects of quality, 319
effects of quantity, 321 ff
properties and characteristics, 316,
317,320
“Green” density, 7, 8,9
density vs. lubricants, 158 ff
parts, density distribution, 102
strength, 9, 10
of iron compacts vs. % lubricant,
166
vs. compaction time, 110
vs. lubricants, 11, 160, 161, 166
Grinding aids, 33

H

HALL flowmeter, 56, 57
Hardness, distribution in green parts,
102
vs. porosity, 7
of WC, 462
Haynes Stellite compositions, 436
Heating methods for sintering furnaces,
208, 220
Heavy metal alloys, 437, 438, 439,
440, 446, 447
expansion, 448
grain size, 449
for radiation shielding, 442
Heavy metal, effects of sintering con-
ditions, 438, 444, 446, 447
Height of part, effect on average densi-
ty, 104, 105

High melting metals, carburization
temp., 454
High speed steel powders, analysis, 337
Hot forging, 250 ff
advantages, 251
beryllium, 252
brass, 256
iron preforms, 261, 263 ,
nonferrous materials, 265
processing variables, 252
steel alloys, 255 ff
of W-Cu-Ni alloys, 441
Hot pressing, 17, 18, 20, 232 ff
Al-alloys, 387
aluminum, 245,372

beryllium, 392,393, 394
brass, 238

chromium carbide, 246
copper, 237, 239
copper alloys, 367
die temperature, 259
effect on grain size, 246
effect of particle size, 240
effect of pressure, 237, 238,239
effect of temp. and time, 234, 235,
236,240,241, 242,246
flow patterns, 259
furnace, schematic, 233
iron, 234,235
isostatic, 247 ff
cemented carbides, 475
magnesium, 244
processing variables, 232
silver, 244
steel powder, 236
TaC, 487
thorium, 245
titanium, 405
tungsten, 426, 427
uranjum, 241
zirconium, 245
Hot repressing, 236
Humidity, effect on flow, 5
Hydrocarbon gases, compositions, 218
Hydrogen dry, effect on sintering, 175
wet, effect on sintering, 175
Hydro pressing of iron compacts, 106
Hydrostatic pressing, 106, 107
mold materials, 122

vs. die compaction, 121
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I

Infiltration, fill grade vs. time, 500
of silver into tungsten, 500
wetting angle, 500
Intermetallic compound formation,
225,227
Internal oxidation, 526, 535
Iron, apparent densities, 62
bronze infiltrated, 312
compacts, effects of pressing speed,
108, 109
effects of quenching, 326
effect of sintering temp. and time,
172
electrolytic, grain size vs. particle
size at various sintering times, 184
fatigue properties, 327
forging, 253, 254
parts, plating bath, 345, 346
physical properties, 267, 268
porous bearings, 519 ff
powder, activation energy for diffu-
sion, 274
application, 551, 555
atomized, 271, 338
+ boron, 300
characteristics, 269
compaction ratio, 272
compacts, die pressing and hydro
pressing, 106
magnetic properties, 291,292,
293
porosity, 270, 281, 282
ultrasonic testing, 536 ff
dimensional changes during sin-
tering, 289, 295, 314
dimensional changes vs. powder
type, 280
effect of lubricants, 157 ff
effect of sintering temp., 281,
282,284, 285,286,338
effect of sintering time, 284,
285,288
electrolytic, 269, 271, 290
grain size, 291
green density, 270, 271
green strength, 271, 273
metallurgy, 266 ff

508 nitriding, 339, 340, 341

production, 567
self diffusion, 274, 275, 276
self diffusion, 229
sintered, physical properties, 283,
284,286
vibratory compaction, 138
Iron alloys, classification with respect
to sintering, 297, 298
magnetic properties, 294

Iron-carbon-copper, physical proper-
ties, 313, 315, 341
Iron-carbon diffusion, 229
Iron-chromium-nickel alloys, proper-
ties, 332, 336
Iron-copper alloys, 309,310,311, 312,
336
transverse rupture vs. hardness, 277
Iron-copper-graphite alloys, 317
Iron-graphite compositions, 318, 319,
320,321,322,323
Iron-nickel alloys, 302, 303, 304, 305,
308, 309, 336
applications, 307
Iron-nickel-cobalt alloys, 309
Iron-nickel-manganese alloys, 303
Iron-silver diffusion, 229
Iron-tin alloys, 314
Isopressing, 98
Isostatic pressing, 118 ff
cemented carbides, 475
densities, 120, 123
effect of compact size, 122
equipment schematic, 118
mold materials, 122
pressures required, 119
shrinkage during sintering, 179
of tungsten, 427
vs. die compaction, 121, 179

L

Lead, activating energy, 194
stearate, 157
Light metals, mechanical properties,
371
thermal properties, 370
Linear shrinkage during sintering, 201,
202
of iron-nickel, 303, 305



of iron-manganese, 304
of W-Ni-Cu alloys, 438
Liquid phase sintering, 17, 20
of aluminum systems, 380
variables, 206
of W+Cu, 429
Lithium stearate, 149, 153, 156 ff
Lubricants, behavior during sintering,
153
burning off, 153
compositions, 156
decomposition temp., 150
effect of amount on various com-
pact properties (schematic), 163
effect on apparent density, 3
effect of chain length, 151,152
effect of flow, 61, 151, 152
for powder compactions, 148, 149,
153 ff
residues, 150
used with aluminum, 378, 379
various types of lubricants, 152,156
Lubrications, effects on flow, 10
effects on mixing, 84
and mixing, 164, 165

M

Magnesium extrusion, 407, 408
hot pressing, 244
powder, deformation, 93,94
packing densities, 407
stearate, 156 ff
steel forging, 255
thermal properties, 370
Magnesium-aluminum alloys, 406,407
Magnetic properties of iron powders,
291,292,293,294
Mechanical comminutions: particle size
distribution, 64
of powders, 64 ff
Melting points of metals, 541, 542, 543
Melting temperatures for refractory
metal compounds, 450, 451
Mesh-belt sintering furnace, 211
Metal carbides, methods of fabrica-
tions, 452
surface energy, 452
Metal filters, characteristics, 513

Metal powder consumptions in U.S.A.,
544

preparation methods, 21 ff
prices, 564

Metric units in P/M, 569
Milling, abrasion of wall, 74

amount of powder, 66, 68, 72

effect of ball material, 75

effect of ball size, 75, 76

effect of ball weight, 67,71

effect on coercive force, 74

effect of milling speed, 67, 70

effect of milling time, 66, 68, 69,
71,72,74

grinding aids, 33

methods, 33

power consumption, 71

time, effects on specific surface, 34

vibratory, 74, 75

in water, 71, 73

Mixedness, effect of friction, 78

effect of mixing time, 5, 85
vs. drum inclination, 6, 87
vs. particle size, 6

vs. temperature, 7

Mixer speed, effect on mixedness, 6
Mixers, various types, 79, 80
Mixing and blending, 77 ff

effect on mixing fluid, 461

and lubrication, 164, 165

mechanisms, 81, 83

of powders, 5,6,7,77 ff

power for, 86

problems, 83

speed vs. mixing time, 85

statistics, 87 ff

temperature, effect on mixedness, 7

time, effect on mixedness, 5, 6, 82,
85

various procedures, 461

of WC-Co, effect on properties, 461

Molybdenum boride vibratory compac-
tion, 139

carbide, solubility into Co and Ni,
483

dilatometric sintering curves, 199

properties, 410

slip casting, 133, 134

Moving die body, 96,97
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N

Neck formation during sintering, 189 ff
Nickel, apparent densities, 62
diffusion coefficients, 195
effects of sintering temp. and time,
172
oxide, 222, 223
porosity, 518
sitver (Cu-Ni-Zn), 366, 367
Nickel-chromium-molybdenum alloys,
436
Nickel-copper alloys, electrical resis-
tance, 440
steels, 335
Nickel-copper diffusion, 229
Nickel-gold diffusion, 229
Nickel-steels, 306, 307, 326
Nickel-thoria dispersions, 529, 532
Niculoy, 366
Niobium carbide, solubility into Co and
Ni, 490
Nitrides, methods for fabrication, 456,
457
Nitriding, effect on fatigue strength,
340
of iron compacts, 339, 340, 341
Nopco Wax, 153

0

Oil impregnated porous bearings, 524
Oleic acid, effects on pressing, 160
Oxidation resistance of W-Ni-Fe alloys,
437
Oxide film on aluminum, 372,373,374
dispersion strengthening, 528, 535
Oxides, reduction, 219
Oxidized particles, effect on flow time,
5
surfaces affecting flow, 59

P

Packing characteristics of powders, 47
effect of vibrations, 141

Particle shapes, 51
effect on powder rolling, 128
factors, 51 ff

Particle size (FSS) vs. bulk density,

45
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definitions, 38, 39
determination method, 40, 48
distribution, 42, 43, 44, 64
cumulative presentation, 42, 44
frequency plot, 44, 45, 46
various types, 3
vs. powder age, 42
effect on compression ratio, 3
effect of Cu-W, 369
effect on density, 2, 8, 62
effect on rolled density, 12
effect on sintered properties, 351,
359, 369
effect on sintering, 15
effect on spec. surface, 2
vs. flow, 4
vs. grain size, 296
vs. mixedness, 6
Parts with concentric holes, pressing,
100
with two holes, 101
Phase transformation,
through, 202, 203
Physical properties of sintered iron,
283,290
Plastic deformation, effect on sinter-
ing, 205
Plating bath, for iron parts, 345, 346
Platinum gold diffusion, 229
Pole pieces, 114
Pore forming materials, 510
size distribution vs. sintering time,
512
Porosity, 506 ff
changes during sintering, 508, 512
closed vs. interconnected pores, 507
of copper compacts, 350,357,512
effect on crystal grain size, 16
effect of density, 511
effect of pore orientation, 181
effect of sintering atmospheres, 512
effect on thermal conductivity, 514,
515
effects on strength, 13, 369
influence of sintering of copper,
193,512
in iron powder compacts, 281, 282
in loose powder mass, 38
of loose powders, 506, 509
methods of determination, 509

sintering



orientation of pores, 508

pore forming materials, 510

pore size distribution, 514

pore size vs. hardness, 13

pore size vs. particle size, 13, 509,

510
sintered characteristics, 508, 514

of slip cast S.S., 511
total vs. interconnected, 426
of tungsten, 424, 425,426
vs. compacting pressure, 94
vs. sintering time and temperature,
511
vs. specific surface of pores, 514
Porous bearings, 519 ff
aluminum-copper, 524
equation, 520
load capacity vs. sliding speed, 523
physical properties, 523, 524
pressures, 103
Porous materials, 506 ff
applications, 507
Powder characteristics, 18, 19
comminution, methods, 65,71
preparation vs. applications, 37
preparation vs. properties, 36
rolling, 11,12
effect of particle shape, 128
effect of roll diameter, 126
effect of roll gap, 127, 128
effect of roll opening, 128
effect of roll speed, 128
effect of rolis surfaces, 128
of layer materials, 125
processes, 124
processing variables, 123
schematic representation, 126
strip thickness, 128
variables, 123
vertically arranged rolls, 125
Powder consumption for mixing, 86
Press positions during compaction, 97
Pressing, effects of temperature, 109
speed, 108
effects on copper powders, 108
effects on iron powders, 108
Pressure between two particles, 93
compaction-basic variables, 19, 92
losses during compaction, 147
ranges in compaction, 103

Prices of metal powders, 564
Pusher type furnace, 209,210, 211

Q

Quenching of iron compacts, 326

R

Reaction temperatures for preparation
of metal carbides, 453
Recrystallization fundamentals, 176

Reduction of metallic oxides, 219
of oxides, 32, 35
Refractory materials, melting points,
451
metals, compatibility with some
elements, 411
compounds, 450 ff
melting points, 450
properties, 410
solid solubilities, 410, 411
Repeated pressing, 108, 160
Repressing effects on properties, 117
resintering of brass, 365
Residues from lubricants, 148, 153
Rocking die compaction, 92, 99
Rod milling, effect of rod size, 73
Roll diameter vs. density, 11
opening vs. density, 11
surface, effect on density, 12
temp. vs. density, 12
Roller atomization, 26
Roller hearth furnace, 209
size analysis, 49
Rolling speed vs. density, 12
Rotating electrode process of atomiza-
tion, 25
S

SAP (sintered aluminum powder),373,
374,375
SEDIBAL balance, 48
Sedimentation fluids, 43
Segregation, 63
Self-lubricating bearings, properties,
520,521,522
Shape of particles, various types, 4, 50
Shrinkage, anisotropy, 179
and growth of copper during sinter-
ing, 193
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isotherms, for Al-systems, 382
linear during sintering, 201, 202

Side pressure during compaction, 95
Silicides formation from SiCl, , 458
methods for fabrication, 458
Silicon carbide vibratory compaction,
139
Silver, activation energy, 194
alloy contacts, 503
compacts, repressing and resintering,
117
dilatometric sintering curves, 201
fiber reinforced, 530
grain nuclei during sintering, 198
hot pressing, 244
Silver-cadmium oxide contacts, 493,
494, 504
Silver-graphite contacts, 493, 498, 504
Silver-molybdenum contacts, 498
Silver-nickel contacts, 492
Silver-tungsten carbide contacts, 495,
500, 501, 502,504
Single action pressing, 95

Sintering, activated, 203 ff

curves (strength), various types, 315

cycles, 215

cyclic, 295, 296

dilatometric following up, 206 ff

early stages, 491

effect of particle size, 15

effect of temperature on porosity,
15

effect of temperature on properties,
(schematic), 170

equations, 192, 193

by evaporation and condensation,
185

factors affecting and process, 169

furnaces, 207 ff

heating methods, 208, 220

liquid phase, 206

material movement, 14, 20

methods for following up, 169

multiple components, 170

neck formation, 190 ff

through phase transformations, 202,
203

principles, 13, 15,16

~ reactions taking place, 170
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shrinkage, 179
single components, 170
by surface diffusion, 188
temp. vs. compacting pressure, 13
temp. vs. density, 171
temp., effect on porosity, 15
temp., effects on properties, 13, 15
optimum for two-component
systems, 230
for various metals, 173
vs. sintering time, 16
theories, 185 ff
time, effect on density, 13
effect on densification, 172
variables of the process, 169
by viscosity, 185
by volume diffusion, 187
Zones, 213, 214
Sintering atmospheres, cost, 221
effects on porosity, 512
effects on shrinkage, 222, 223
effects on stainless steel, 324, 325
Slip casting, 131, 133 ff
effect of pH, 133
porosity, 511
variables, 130
viscosity, vs. pH, 133
water to metal ratio, 132
Solid solubility of carbide into Co and
Ni, 483
of refractory metals, 410, 411
Solid solution formation, 225, 226
Specific surface area of various pow-
ders, 50,371
vs. flow time, 4
vs. milling time, 71
vs. particle size, 2
vs. particle size of tungsten powder,
417
Stainless steel, apparent densities, 62
effect of chromium content, 231
slip casting, 132
“Stainless Steel 316,” effect of defor-
mation on sinter, 205
effect of mixing time, 84, 164
slip casting, 511
‘““Stainless Steel 316L,” effect of sinter-
ing atmosphere, 324, 325
ejection pressure for various lubri-
cants, 163



green strength vs. % lubricants and
mixing time, 164, 165
mixing time with various lubricant,
164,165
Standards (ASTM) in P/M, 568
Statistics in P/M, 544 ff
in powder blending, 87 ff
Stearic acid, 156 ff
effect on copper compacts, 349
Steel cemented, 313
fatigue properties, 327, 328, 329,
330
fibers, 532
forging, 255 ff, 338
“304L Steel,” effects of double press-
ing, 344
«“316L Steel,” effects of cooling rate,
323
Sterling silver, 368
“STOKES” diameter, 39
Storage of metal powders, 63
Strength, effect of pore size, 13
effect of porosity, 13
Sublimation energy, 194
Subsequent working after sintering,
216
Surface active substances, effect on
pressing, 160

Surface area vs. powder production, 50
Surface diffusion, 188, 195

as sintering mechanism, 188
Surface energy of metal carbides, 452
Surface tension and pore radius, 194

T

Tantalum carbide, grain size, 487
hot pressing, 487
solubility into Co and Ni, 483
Tantalum properties, 410
Terminology in powder metallurgy,
559 ff
Testing, density distribution, 540
destructive, 536
nondestructive, 537
ultrasonic, 537 ff
Testing P/M parts (nondestructive),
536 ff

Thermal conductivity of Al-alloys, 386
expansion of Al-alloys, 387
expansion of W-Ni-Fe alloys, 437

Thoria powder deformation, 94

Thorium, effect of repressing, 173
effect of sintering temperature, 171,

173,174
hot pressing, 245

Tin powder, compaction, 160

Titanium, 397 ff
propertes, 397

Titanjum alloys, various, 404

Titanium-aluminum alloys, 398

Titanium - aluminum - vanadium alloys,

398, 399, 400, 401, 402, 403

Titanium carbide, solubility into Co

and Ni, 483
various binders, 486
Titanium carbide - tantalum carbide
compositions, 484
Titanium dispersion,
404, 405
forging, 406
hot pressed, 405
Titanium powder manufacturing pro-
cesses, 401, 402, 403
purity, 398
thermal properties, 370
Titanium-tin alloys, 404
Titanjum-tungsten fiber composites,
405
Tool steel, hardness vs. temperature,
491
hot isostatic pressed, 249
Transmitted load, 154, 155
Transverse rupture strength vs. hard-
ness, 277
Tungsten, sintering, 419
Tungsten alloys, apparent densities, 62
carbide milling, 68, 72, 74
carbide powders apparent density,
418

carbide-silver contacts, 502

carbide, solubility into Co and Ni,
490

density vs. pressure, 420

density vs. processing, 420, 421

effects of cooling rate, 446

fibers for titanium strengthening,
405

strengthened,
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grain size vs. reduction temp., 415
green density vs. pressure, 418
hot pressing, 426, 427
infiltration, 500
isostatic pressing, 427
optimal compositions, 430
from ore to finished product, 413
oxide reduction steps, 414
porosity, 424,425, 429
powder, apparent density in various
liquids, 415
compacts, die pressing and hy-
drostatic pressing, 107
effect of pressure, 418
loose densities, 418
molar volume, 415
properties, 417
specifications, 45, 46
turbidimetric analysis, 416
properties, 410, 412
slip casting, 133
strength properties, 420, 422, 423,
424
strength vs. porosity, 424
trioxide, rate of reduction, 414
various, 430
Tungsten-cobalt alloys, 428
Tungsten-cobalt-carbon diagram, 460
Tungsten-copper, contacts, 495
coreduction, 497
densification, 429, 495, 496, 497
effect of particle size, 369
thermal expansion, 429
Tungsten-copper-nickel alloys, proper-
ties, 441, 444
Tungsten-iron alloys, 428
Tungsten-molybdenum, 434, 435
Tungsten-molybdenum-rhenium, 431
Tungsten-nickel, effect of sintering
temp., 420, 428
Tungsten-nickel-iron alloys, properties,
437,443, 445,446,447, 449
Tungsten-rhenium, 431
Tunsten-silver contacts, 495, 500, 501,
504
Tungsten-tantalum alloys, 432,433
Tungsten-ThO,, 421, 427
Turbidimetric analysis of tungsten
powder in various liquids, 416
Tyler standard sieves, 41
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U

Ultrafine powders, 371
Ultrasonic testing, 536, 537, 538, 539
Uranjum, effect of sintering tempera-
ture, 171
hot pressing, 241
USS. sieve series, 41

\%

Vacuum, effect on powder packing,
141
obtained by various pumps, 175
pumps, 175
Vanadium carbide, solubility into Co
and Ni, 483
Vapor pressure of common metals, 543
Vaporization of various metals, 176
Variables in P/M processing, 18, 19, 20
Vibrating electrode for atomization, 27
Vibration milling, 74, 75, 76
Vibratory compaction,
effects of duration, 139, 140, 141
variables, 137
vibration parameters, 139, 140
Viscosity of sedimentation fluids, 43
Volume diffusion 187, 195
as sintering mechanism, 187

w

Walking beam furnace, 208

Wear resistance of iron-graphite, 519

Wetting angle vs. wetting temperature,
500

Wire model for following up sintering,
197

W/P ratio vs. density, 8

4

Zinc stearate, 149, 153,156 ff
amount vs. area quotient, 105
Zirconium, effect of sintering on po-
rosity, 513
effect of sintering temperature, 171
effect of sintering time on grain size,
513
hot pressing, 245
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