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Preface

This encyclopedia represents an update of existing materials and presents new materials that have
been invented or changed, either by new processes or by an innovative technique. The encyclopedia
covers basic materials such as rubber and wood.

This two-volumes-in-one includes two decades of the process of materials; the process/fabri-
cation selection has been hindered by new and unusual demands from all quarters. No change in
this trend is expected in the foreseeable future.

This trend has been visible in several industries — aerospace, automotive, electronic, space,
computers, chemical, and oil — and in many other commercial endeavors. Metals (wrought, cast,
forged, powder), plastics (thermoplastics/thermosets), composites, structural ceramics, and coatings
are continually finding new applications in the above industries.

The trend toward combining high strength and light weight is evident in fiber/particle/whisker-
reinforced composites. This encyclopedia/handbook covers not only these matrix composites
(metallic, plastic, ceramic, and intermetallic), but also other materials of the future — nano and
functionally graded structures, fullarenes, plastics (PEEK, PES, etc.), smart piezoelectric materials,
shape memory alloys, and ceramics.

Higher processing temperatures as well as more resistant and effective high-temperature mate-
rials have attracted the attention of engineers, scientists, and materials workers in many industries.
Engines now operate more efficiently at temperatures higher than those attainable with the materials
of the past. For example, interest in 2000°F (1093°C) turbine engines has brought more high-
temperature, high-strength ceramics into development and use.

The use of a vacuum environment has improved many materials not only in their initial
production and processing, i.e., steels, but also eventually in their fabrication. For example, a
vacuum environment in brazing and welding and in hot isostatic pressing removes voids and
consolidates material structures.

New environmental regulations by government agencies (the Environmental Protection Agency,
the Occupational Safety and Health Administration, etc.) have sent the technologist back to the
drawing board and laboratory to design and develop new and better materials and processes that
are not potential health hazards, and many of these new material substitutes are included in this
revised edition.

Finally, political diplomacy, rather than economics and regulation, could well be the most
important factor in materials supply in the near future. The major supply of many critical raw
materials and supplies for the processes needed to sustain the future economies of many nations
lies in the hands of a few small nations. Consequently, there is no guarantee of a steady supply of
these strategic materials, and we must continually innovate and explore new sources of materials
development (ocean floor and space).
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ABRASIVE

An abrasive is defined as a material of extreme
hardness that is used to shape other materials
by a grinding or abrading action. Abrasive mate-
rials may be used as loose grains, as grinding
wheels, or as coatings on cloth or paper. They
may be formed into ceramic cutting tools that
are used for machining metal in the same way
that ordinary machine tools are used. Because
of their superior hardness and refractory prop-
erties, they have advantages in speed of opera-
tion, depth of cut, and smoothness of finish.
Abrasive products are used for cleaning and
machining all types of metal, for grinding and
polishing glass, for grinding logs to paper pulp,
for cutting metals, glass, and cement, and for
manufacturing many miscellaneous products
such as brake linings and nonslip floor tile.

ABRASIVE MATERIALS

These may be classified in two groups, the nat-
ural and the synthetic (manufactured). The lat-
ter are by far the more extensively used, but in
some specific applications natural materials still
dominate.

The important natural abrasives are dia-
mond (the hardest known material), corundum
(a relatively pure, natural aluminum oxide,
Al,O;), and emery (a less-pure Al,O; with con-
siderable amounts of iron). Other natural abra-
sives are garnet, an aluminosilicate mineral;
feldspar, used in household cleansers; calcined
clay; lime; chalk; and silica, SiO,, in its many
forms — sandstone, sand (for grinding plate
glass), flint, and diatomite.

The synthetic abrasive materials are sili-
con carbide SiC, aluminum oxide AL,O,, tita-
nium carbide TiC, and boron carbide B,C. The
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synthesis of diamond puts this material in the
category of manufactured abrasives. There are
other carbides, as well as nitrides and cermets,
which can be classified as abrasives but their
use is special and limited.

Various grades of each type of synthetic
abrasive are distinguishable by properties such
as color, toughness, and friability. These differ-
ences are caused by variation in purity of mate-
rials and methods of processing.

The sized abrasive may be used as loose
grains, as coatings on paper or cloth to make
sandpaper and emery cloth, or as grains for
bonding into wheels.

ABRASIVE WHEELS

A variety of bonds is used in making abrasive
wheels: vitrified or ceramic, essentially a glass
or glass-plus crystals; sodium silicate; rubber;
resinoid; shellac; and oxychloride. Each type of
bond has its advantages. The more rigid
ceramic bond is better for precision-grinding
operations, and the tougher, resilient bonds,
such as resinoid or rubber, are better for snag-
ging and cutting operations.

Ceramic-bonded wheels are made by mix-
ing the graded abrasive and binder, pressing to
general size and shape, firing, and truing or
finishing by grinding to exact dimensions.

Grinding wheels are specified by abrasive
type, grain size (grit), grade or hardness, and
bond type. The term hardness as applied to a
wheel refers to its behavior in use and not to
the hardness of the abrasive material itself.

Literally thousands of types of wheels are
made with different combinations of character-
istics, not to mention the multitude of sizes and
shapes available; therefore, selecting the best
grinding wheel for a given job is not simple.




ABS PLASTICS

ABS plastics are a family of opaque thermo-
plastic resins formed by copolymerizing acry-
lonitrile, butadiene, and styrene (ABS) mono-
mers. ABS plastics are primarily notable for
especially high impact strengths coupled with
high rigidity or modulus. Consisting of particles
of a rubberlike toughener suspended in a con-
tinuous phase of styreneacrylonitrile (SAN)
copolymer, ABS resins are hard, rigid, and
tough, even at low temperatures. Various grades
of these amorphous, medium-priced thermo-
plastics are available offering different levels of
impact strength, heat resistance, flame retar-
dance, and platability.

Most natural ABS resins are translucent to
opaque, but they are also produced in transpar-
ent grades, and they can be pigmented to almost
any color. Grades are available for injection
molding, extrusion, blow molding, foam mold-
ing, and thermoforming. Molding and extrusion
grades provide surface finishes ranging from
satin to high gloss. Some ABS grades are
designed specifically for electroplating. Their
molecular structure is such that the plating pro-
cess is rapid, easily controlled, and economical.

Compounding of some ABS grades with
other resins produces special properties. For
example, ABS is alloyed with polycarbonate to
provide a better balance of heat resistance and
impact properties at an intermediate cost.
Deflection temperature is improved by the poly-
carbonate, molding ease by the ABS. Other
ABS resins are used to modify rigid polyvinyl
chloride (PVC) for use in pipe, sheeting, and
molded parts. Reinforced grades containing
glass fibers, to 40%, are also available.

Related to ABS is SAN, a copolymer of
styrene and acrylonitrile (no butadiene) that is
hard, rigid, transparent, and characterized by
excellent chemical resistance, dimensional sta-
bility, and ease of processing. SAN resins are
usually processed by injection molding, but
extrusion, injection-blow molding, and com-
pression molding are also used. They can also
be thermoformed, provided that no post-mold
trimming is necessary.

The triangle in Figure A.1 illustrates the
properties and characteristics that each con-
stituent acrylonitrile, butadiene, and styrene
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FIGURE A.1 Properties and characteristics of acry-
lonitrile, butadiene, and styrene.

contributes to the final product. Polymeriza-
tion of these materials produces the ABS ter-
polymer, a two-phase system consisting of a
continuous matrix of styrene-acrylonitrile
copolymer and a dispersed phase of butadiene
rubber particles. Properties are varied princi-
pally by adjusting the proportions in which the
materials are combined and by altering the
molecular weight of the SAN.

PROPERTIES

The unique combinations of excellent impact
strength with high mechanical strength and
rigidity plus good long-term, load-carrying
ability or creep resistance are characteristic of
the ABS plastics family. In addition, all types
of ABS plastics exhibit outstanding dimen-
sional stability, good chemical and heat resis-
tance, surface hardness, and light weight (low
specific gravity), Table A.1.

These materials yield plastically at high
stresses, so ultimate elongation is seldom sig-
nificant in design; a part usually can be bent
beyond its elastic limit without breaking,
although it does stress-whiten. Although not
generally considered flexible, ABS parts have
enough spring to accommodate snap-fit assem-
bly requirements.

The individual commercially available ABS
polymers span a wide range of mechanical prop-
erties. Most suppliers differentiate types on the



TABLE A.1
Properties of ABS and SAN

Standard ABS Grades

ASTM Special-Purpose ABS Grades
or UL High Superhigh Medium Flame
Test Property Impact Impact Impact High Heat Retardant Clear Expandable Plating SAN Grades
Physical
D792 Specific gravity 1.01-1.05 1.02-1.05 1.04-1.06 1.04-1.06 1.19-1.22 1.05 0.55-0.85 1.05-1.07 1.07-1.08
D792 Specific volume (in.%/1b) 27 27 28 28 — 26 — 26 26
Mechanical
D638 Tensile strength (psi) 6,000 5,000-6,300  6,000-7,500 6,000-7,500 5,500-10,000  5,800-6,300  3,000-4,000  5,500-6,600  9,000-12,000
D638 Elongation (%) 5-20 5-70 5-25 3-20 5-25 25-75 — — 1-4
D638 Tensile modulus (10° psi) 33 2.0-34 3.6-3.8 3.04.0 3.2-3.7 3.0-3.3 1.0-2.5 3-3.8 4.5-5.6
D790 Flexural strength (psi) 10,500 6,000-11,500 11,500 10,000-13,000  9,000-12,250 10,500 3,000-8,000  8,700-11,500 14,000-17,000
D790 Flexural modulus (10° psi) 34 2.0-3.5 3.6-4.0 3.14.0 3.0-34 3.4-3.9 14238 3.0-3.8 5.5
D256 Impact strength, 1zod (ft-1b/in. 6.5 7.0-8.0 4.0-5.5 2.3-6.0 4.0-13.0 2.5-4.0 — 5.0-7.0 0.35-0.50
of notch)
D785 Hardness, Rockwell R 103 69-105 107 111 90-117 100-105 60-702 103-109 M85
Thermal
D696 Coefficient of thermal 53 5.6 4.6 3.9-5.1 3.74.6 4.6 4.9 4.7-5.3 3.0
expansion (10-%) in./in.-°F
D648 Deflection temperature® (°F)
At 264 psi 188 192 184 220-240 180-220 168 160 189 210
At 66 psi 203 208 201 230-245 198-238 180-185 185 214 —
UL%4 Flammability rating HB HB HB HB V-0 to V-1¢ HB HB-V-0 HB HB
Electrical
D149 Dielectric strength (V/mil)
Short time, 1/8-in. thk 400 350-500 350-500 350-500 400+ 400 — — —
D495 Arc resistance (s) 89 50-85 50-85 50-85 20-60 120-130 — — —

* Density has a marked effect.
b Unannealed.
¢ 0.060-in.-thick samples.

ASTM = American Society for Testing and Materials; UL = Underwriters’ Laboratories.

Source: Mach. Design Basics Eng. Design, June, p. 674, 1993. With permission.
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basis of impact strength and fabrication method
(extrusion or molding). Some compounds fea-
ture one particularly exceptional property, such
as high heat deflection temperature, abrasion
resistance, or dimensional stability.

Impact properties of ABS are exceptionally
good at room temperature and, with special
grades, at temperatures as low as —40°C.
Because of its plastic yield at high strain rates,
impact failure of ABS is ductile rather than
brittle. Also, the skin effect, which in other ther-
moplastics accounts for a lower impact resis-
tance in thick sections than in thin ones, is not
pronounced in ABS materials. A long-term ten-
sile design stress of 6.8 to 10.3 MPa (at 22.8°C)
is recommended for most grades.

General-purpose ABS grades are adequate
for some outdoor applications, but prolonged
exposure to sunlight causes color change and
reduces surface gloss, impact strength, and duc-
tility. Less affected are tensile strength, flexural
strength, hardness, and elastic modulus. Pig-
menting the resins black, laminating with
opaque acrylic sheet, and applying certain coat-
ing systems provide weathering resistance. For
maximum color and gloss retention, a compat-
ible coating of opaque, weather-resistant poly-
urethane can be used on molded parts. For
weatherable sheet applications, ABS resins can
be coextruded with a compatible weather-resis-
tant polymer on the outside surface.

ABS resins are stable in warm environ-
ments and can be decorated with durable coat-
ings that require baking at temperatures to 71°C
for 30-60 min. Heat-resistant grades can be
used for short periods at temperatures to 110°C
in light load applications. Low moisture absorp-
tion contributes to the dimensional stability of
molded ABS parts.

Molded ABS parts are almost completely
unaffected by water, salts, most inorganic acids,
food acids, and alkalies, but much depends on
time, temperature, and especially stress level.
Food and Drug Administration (FDA) accep-
tance depends to some extent on the pigmenta-
tion system used. The resins are soluble in
esters and ketones, and they soften or swell in
some chlorinated hydrocarbons, aromatics, and
aldehydes.

Properties of SAN resins are controlled pri-
marily through acrylonitrile content and by
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adjusting the molecular weight of the copoly-
mer. Increasing both improves physical proper-
ties, at a slight penalty in processing ease. Prop-
erties of the resins can also be enhanced by
controlling orientation during molding. Tensile
and impact strength, barrier properties, and sol-
vent resistance are improved by this control.

Special grades of SAN are available with
improved ultraviolet (UV) stability, vapor-barrier
characteristics, and weatherability. The barrier
resins — designed for the blown-bottle market
— are also tougher and have greater solvent resis-
tance than the standard grades.

FABRICATION AND FORMS

ABS plastics are readily formed by the various
methods of fabricating thermoplastic materials
extrusion, injection molding, blow molding,
calendering, and vacuum forming. Molded
products may be machined, riveted, punched,
sheared, cemented, laminated, embossed, or
painted. Although the ABS plastics process eas-
ily and exhibit excellent moldability, they are
generally more difficult flowing than the mod-
ified styrenes and higher processing tempera-
tures are used. The surface appearance of
molded articles is excellent and buffing may not
be necessary.

Moldings

The need for impact resistance and high
mechanical properties in injection-molded
parts has created a large use for ABS materials.
Advances in resin technology coupled with
improved machinery and molding techniques
have opened the door to ABS resins. Large
complex shapes can be readily molded in ABS
today.

Pipe

The ABS plastics as a whole are popular for
extrusion and they offer a great deal for this
type of forming. The outstanding contribution
is their ability to be formed easily and to hold
dimension and shape. In addition, very good
extrusion rates are obtainable. Because ABS
materials are processed at stock temperatures
of 400 to 500°F, it is generally necessary to
preheat and dry the material prior to extrusion.



The largest single ABS end product is plas-
tic pipe, where the advantages of high long-
term mechanical strength, toughness, wide ser-
vice temperature range, chemical resistance,
and ease of joining by solvent welding are used.

Sheet

ABS sheet is manufactured by calendering or
extrusion and molded articles are subsequently
vacuum-formed. The hot strength of the ABS
materials coupled with the ability to be drawn
excessively without forming thin spots or losing
embossing have made them popular with fab-
ricators. The excellent mechanical strengths,
formability, and chemical resistance, particu-
larly to fluorocarbons, are largely responsible
for the rapid increase in the use of ABS.

APPLICATIONS

Molded ABS products are used in both protec-
tive and decorative applications. Examples
include safety helmets, camper tops, automo-
tive instrument panels and other interior com-
ponents, pipe fittings, home-security devices
and housings for small appliances, communi-
cations equipment, and business machines.
Chrome-plated ABS has replaced die-cast met-
als in plumbing hardware and automobile
grilles, wheel covers, and mirror housings.
Typical products vacuum-formed from
extruded ABS sheet are refrigerator liners, lug-
gage shells, tote trays, mower shrouds, boat
hulls, and large components for recreational
vehicles. Extruded shapes include weather
seals, glass beading, refrigerator breaker strips,
conduit, and pipe for drainwaste-vent (DWV)
systems. Pipe and fittings comprise one of the
largest single application areas for ABS.
Typical applications for molded SAN
copolymers include instrument lenses, vacuum-
cleaner and humidifier parts, medical syringes,
battery cases, refrigerator compartments, food-
mixer bowls, computer reels, chair shells, and
dishwasher-safe houseware products.

ACETAL PLASTICS

Acetals are independent structural units or a
part of certain biological and commercial
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polymers, and acetal resins are highly crystal-
line plastics based on formaldehyde polymer-
ization technology. These engineering resins
are strong, rigid, and have good moisture, heat,
and solvent resistance.

Acetals were specially developed to com-
pete with zinc and aluminum castings. The nat-
ural acetal resin is translucent white and can be
readily colored with a high sparkle and bril-
liance. There are two basic types — homopoly-
mer (Delrin) and copolymer (Celcon). In gen-
eral, the homopolymers are harder, more rigid,
have higher tensile flexural and fatigue strength,
but lower elongation; however, they have higher
melting points. Some high-molecular-weight
homopolymer grades are extremely tough and
have higher elongation than the copolymers.
Homopolymer grades are available that are
modified for improved hydrolysis resistance to
82°C, similar to copolymer materials.

The copolymers remain stable in long-term,
high-temperature service and offer exceptional
resistance to the effects of immersion in water
at high temperatures. Neither type resists strong
acids, and the copolymer is virtually unaffected
by strong bases. Both types are available in a
wide range of melt-flow grades, but the copoly-
mers process more easily and faster than the
conventional homopolymer grades.

Both the homopolymers and copolymers
are available in several unmodified and glass-
fiber-reinforced injection-molding grades. Both
are available in polytetrafluoroethylene (PTFE)
or silicone-filled grades, and the homopolymer
is available in chemically lubricated low-fric-
tion formulations.

The acetals are also available in extruded
rod and slab form for machined parts. Property
data listed in Table A.2 apply to the general-
purpose injection-molding and extrusion grade
of Delrin 500 and to Celcon M90.

Acetals are among the strongest and stiffest
of the thermoplastics. Their tensile strength
ranges from 54.4 to 92.5 MPa, tensile modulus
is about 3400 MPa, and fatigue strength at room
temperature is about 34 MPa. Acetals are also
among the best in creep resistance. This com-
bined with low moisture absorption (less than
0.4%) gives them excellent dimensional stabil-
ity. They are useful for continuous service up
to about 104°C.




TABLE A.2
Properties of Acetals
ASTM or
UL Test Property
Physical
D792 Specific gravity
D792 Specific volume (in.%/1b)
D570 Water absorption, 24 h, 1/8-in. thk (%)
Mechanical
D638 *Tensile strength (psi)
At 73°F
At 160°F
D638 *Elongation (%)
D638 *Tensile modulus (10° psi)
D790 Flexural strength (psi)
D790 Flexural modulus (10° psi)
At 73°F
At 160°F
D256 Impact strength, Izod (ft-1b/in.)
Notched
Unnotched
D671 Fatigue endurance limit, 107 cycles (psi)
D785 Hardness, Rockwell M
Thermal
C177 Thermal conductivity
(10-* cal-cm/s-cm?-°C)
Btu-in./hr-ft2-°F)
D696 Coefficient of thermal expansion
—40 to +185°C (107 in./in.-°C)
D648 Deflection temp (°F)
At 264 psi
At 66 psi
UL9%4 Flammability rating
Electrical
D149 Dielectric strength
Short time (V/mil)
5 mils
20 mils
90 mils
D150 Dielectric constant
At 1 kHz
At 1 MHz
D150 Dissipation factor
At 1 kHz
At 1 MHz
D257 Volume resistivity (ohm-cm)
At 73°F, 50% RH
D495 Arc resistance (s) 120 mils
Frictional

— Coefficient of friction
Self
Against steel

* At 0.2 in./min loading rate.

Source: Mach. Design Basics Eng. Design, June, p. 676, 1993. With permission.

Copolymer

1.41
19.7
0.22

13,000

3.75
1.80

1.3
20
3,300
80

5.5
1.6

8.5

230
316
HB

2,100

500

3.7
3.7

0.001
0.006

1014
240 (burns)

0.35
0.15

Homopolymer

1.42
19.5
0.25

10,000
6,900
40

5.2
14,100

4.10
2.30

1.4
24
4,300
94

8.9
2.6

10.0

271
342
HB

3,000
2,000
500

3.7
3.7

0.001
0.005

1015
220 (burns, no tracking)

0.3
0.15
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Injection-molding powders and extrusion
powders are the most frequently used forms of
the material. Sheets, rods, tubes, and pipe are
also available. Colorability is excellent.

The range of desirable design properties
and processing techniques provides outstanding
design freedom in the areas (1) style (color,
shape, surface texture and decoration), (2)
weight reduction, (3) assembly techniques, and
(4) one-piece multifunctional parts (e.g., com-
bined gear, cam, bearing, and shaft).

AcetAL HOMOPOLYMERS

The homopolymers are available in several vis-
cosity ranges that meet a variety of processing
and end-use needs. The higher-viscosity mate-
rials are generally used for extrusions and for
molded parts requiring maximum toughness;
the lower-viscosity grades are used for injection
molding. Elastomer-modified grades offer
greatly improved toughness.

Properties

Acetal homopolymer resins have high tensile
strength, stiffness, resilience, fatigue endur-
ance, and moderate toughness under repeated
impact. Some tough grades can deliver up to 7
times greater toughness than unmodified acetal
in Izod impact tests and up to 30 times greater
toughness as measured by Gardner impact tests
(Table A.2).

Homopolymer acetals have high resistance
to organic solvents, excellent dimensional sta-
bility, a low coefficient of friction, and out-
standing abrasion resistance among thermo-
plastics. The general-purpose resins can be used
over a wide range of environmental conditions;
special, UV-stabilized grades are recommended
for applications requiring long-term exposure
to weathering. However, prolonged exposure to
strong acids and bases outside the range of pH
4 to 9 is not recommended.

Acetal homopolymer has the highest fatigue
endurance of any unfilled commercial thermo-
plastic. Under completely reversed tensile and
compressive stress, and with 100% relative
humidity (at 73°F), fatigue endurance limit is
30.9 MPa at 10° cycles. Resistance to creep is
excellent. Moisture, lubricants, and solvents
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including gasoline and gasohol have little effect
on this property, which is important in parts
incorporating self-threading screws or interfer-
ence fits.

The low friction and good wear resistance
of acetals against metals make these resins suit-
able for use in cams and gears having internal
bearings. The coefficient of friction (nonlubri-
cated) on steel, in a rotating thrust washer test,
is 0.1 to 0.3, depending on pressure; little vari-
ation occurs from 22.8 to 121°C. For even lower
friction and wear, PTFE-fiber-filled and chem-
ically lubricated formulations are available.

Properties of low moisture absorption,
excellent creep resistance, and high deflection
temperature suit acetal homopolymer for close-
tolerance, high-performance parts.

Applications

Automotive applications of acetal homopoly-
mer resins include fuel-system and seat-belt
components, steering columns, window-sup-
port brackets, and handles. Typical plumbing
applications that have replaced brass or zinc
components are showerheads, ball cocks, faucet
cartridges, and various fittings. Consumer items
include quality toys, garden sprayers, stereo
cassette parts, butane lighter bodies, zippers,
and telephone components. Industrial applica-
tions of acetal homopolymer include couplings,
pump impellers, conveyor plates, gears, sprock-
ets, and springs.

AcetAL COPOLYMERS

The copolymers have an excellent balance of
properties and processing characteristics. Melt
temperature can range from 182 to 232°C with
little effect on part strength. UV-resistant
grades (also available in colors), glass-rein-
forced grades, low-wear grades, and impact-
modified grades are standard. Also available
are electroplatable and dimensionally stable,
low-warpage grades.

Properties

Acetal copolymers have high tensile and flex-
ural strength, fatigue resistance, and hardness.
Lubricity is excellent. They retain much of their
toughness through a broad temperature range




and are among the most creep resistant of the
crystalline thermoplastics. Moisture absorption
is low, permitting molded parts to serve reliably
in environments involving humidity changes.

Good electrical properties, combined with
high mechanical strength and an Underwriters’
Laboratories (UL) electrical rating of 100°C,
qualify these materials for electrical applica-
tions requiring long-term stability.

Acetal copolymers have excellent resis-
tance to chemicals and solvents. For example,
specimens immersed for 12 months at room
temperature in various inorganic solutions were
unaffected except by strong mineral acids —
sulfuric, nitric, and hydrochloric. Continuous
contact is not recommended with strong oxidiz-
ing agents such as aqueous solutions containing
high concentrations of hypochlorite ions. Solu-
tions of 10% ammonium hydroxide and 10%
sodium chloride discolor samples in prolonged
immersion, but physical and mechanical prop-
erties are not significantly changed. Most
organic reagents tested have no effect, nor do
mineral oil, motor oil, or brake fluids. Resis-
tance to strong alkalies is exceptionally good;
specimens immersed in boiling 50% sodium
hydroxide solution and other strong bases for
many months show no property changes.

Strength of acetal copolymer is only
slightly reduced after aging for 1 year in air at
116°C. Impact strength holds constant for the
first 6 months, and falls off about one-third
during the next 6-month period. Aging in air at
82°C for 2 years has little or no effect on prop-
erties, and immersion for 1 year in 82°C water
leaves most properties virtually unchanged.
Samples tested in boiling water retain nearly
original tensile strength after 9 months.

The creep—modulus curve of acetal copoly-
mer under load shows a linear decrease on a
log-log scale, typical of many plastics. Acetal
springs lose over 50% of spring force after
1000 h and 60% in 10,000 h. The same spring
loses 66% of its force after 100,000 h (about
11 years) under load.

Plastic springs are best used in applications
where they generate a force at a specified
deflection for limited time but otherwise
remain relaxed. Ideally, springs should
undergo occasional deflections where they
have time to recover, at less than 50% design
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strain. Recovery time should be at least equal
to time under load.

Applications

Industrial and automotive applications of acetal
copolymer include gears, cams, bushings, clips,
lugs, door handles, window cranks, housings,
and seat-belt components. Plumbing products
such as valves, valve stems, pumps, faucets, and
impellers utilize the lubricity and corrosion and
hot water resistance of the copolymer. Mechan-
ical components that require dimensional sta-
bility, such as watch gears, conveyor links,
aerosols, and mechanical pen and pencil parts,
are other uses. Applications for the FDA-
approved grades include milk pumps, coffee
spigots, filter housings, and food conveyors.
Parts that require greater load-bearing stability
at elevated temperatures, such as cams, gears,
television tuner arms, and automotive under-
hood components, are molded from glass-fiber-
reinforced grades.

More costly acetal copolymer has excel-
lent load-bearing characteristics for long-last-
ing plastic springs. To boost resin perfor-
mance, engineers use fillers, reinforcing fibers,
and additives. Although there are automotive
uses for large fiber-reinforced composite leaf
springs, unfilled resins are the better candi-
dates for small springs. Glass fibers increase
stiffness and strength, but they also limit
deflection. And impact modifiers reduce mod-
ulus and make plastics more flexible but
decrease creep resistance.

AcetaL REesINS
Processing Acetals

Acetal resin can be molded in standard injection
molding equipment at conventional production
rates. The processing temperature is around
204°C. Satisfactory performance has been dem-
onstrated in full-automatic injection machines
using multicavity molds. Successful commer-
cial moldings point up the ability of the material
to be molded to form large-area parts with thin
sections, heavy parts with thick sections, parts
requiring glossy surfaces or different surface
textures, parts requiring close tolerances, parts
with undercuts for snap fits, parts requiring



metal inserts, and parts requiring no flash. It
can also be extruded as rod, tubing, sheeting,
jacketing, wire coating, or shapes on standard
commercial equipment. Extrusion temperatures
are in the range of 199 to 204°C.

Generally the same equipment and tech-
niques for blow molding other thermoplastics
work with acetal resin. Both thin-walled and
thick-walled containers (aerosol type) can be
produced in many shapes and surface textures.

Various sheet-forming techniques including
vacuum, pressure, and matched-mold have been
successfully used with acetal resins.

Fabrication

Acetal resin is easy to machine (equal to or
better than free-cutting brass) on standard pro-
duction machine shop equipment. It can be
sawed, drilled, turned, milled, shaped, reamed,
threaded and tapped, blanked and punched,
filed, sanded, and polished.

The material is easy to join and offers wide
latitude in the choice of fast, economical meth-
ods of assembly. Integral bonds of acetal-to-
acetal can be formed by welding with a heated
metal surface, hot gas, hot wire, or spin-weld-
ing techniques. High-strength joints result
from standard mechanical joining methods
such as snap fits, interference or press fits,
rivets, nailing, heading, threads, or self-tap-
ping screws. Where low joint strengths are
acceptable, several commercial adhesives can
be used for bonding acetal to itself and other
substrates.

Acetal resin can be painted successfully
with certain commercial paints and lacquers,
using ordinary spraying equipment and a spe-
cial surface treatment or followed by a baked
top coat. Successful first-surface metallizing
has been accomplished with conventional
equipment and standard techniques for applica-
tion of such coatings. Direct printing, process
printing, and roll-leaf stamping (hot stamping)
can be used for printing on acetal resin. Baking
at elevated temperatures is required for good
adhesion of the ink in direct and screen-process
printing. In hot stamping, the heated die pro-
vides the elevated temperature. Printing pro-
duced by these processes resists abrasion and
lifting by cellophane adhesive tape.

© 2002 by CRC Press LLC

ACETYLENE

Acetylene is a colorless, flammable gas with a
garlic-like odor. Under compressed conditions,
it is highly explosive; however, it can be safely
compressed and stored in high-pressure cylin-
ders if the cylinders are lined with absorbent
material soaked with acetone. Users are cau-
tioned not to discharge acetylene at pressures
exceeding 15 psig (103 kPa), as noted by the
red line on acetylene pressure gauges.

With its intense heat and controllability,
the oxyacetylene flame can be used for many
different welding and cutting operations
including hardfacing, brazing, beveling, goug-
ing, and scarfing. The heating capability of
acetylene also can be utilized in the bending,
straightening, forming, hardening, softening,
and strengthening of metals.

ACRYLIC PLASTICS

The most widely used acrylic plastics are based
on polymers of methyl methacrylate. This pri-
mary constituent may be modified by copoly-
merizing or blending with other acrylic mono-
mers or modifiers to obtain a variety of
properties. Although acrylic polymers based on
monomers other than methyl methacrylate have
been investigated, they are not as important as
commercial plastics and are generally confined
to uses in fibers, rubbers, motor oil additives,
and other special products.

STANDARD ACRYLICS

Poly(methyl methacrylate), the polymerized
methyl ester of methacrylic acid, is thermoplas-
tic. The method of polymerization may be var-
ied to achieve specific physical properties, or
the monomer may be combined with other com-
ponents. Sheet materials may be prepared by
casting the monomer in bulk. Suspension poly-
merization of the monomeric ester may be used
to prepare molding powders.

Conventional poly(methyl methacrylate) is
amorphous; however, reports have been pub-
lished of methyl methacrylate polymers of reg-
ular configuration, which are susceptible to
crystallization. Both the amorphous and crys-
talline forms of such crystallization-susceptible




polymers possess physical properties that are
different from those of the conventional poly-
mer, and suggest new applications.

Service Properties

Acrylic thermoplastics are known for their out-
standing weatherability. They are available in
cast sheet, rod, and tube; extruded sheet and
film; and compounds for injection molding and
extrusion. They are also characterized by good
impact strength, formability, and excellent
resistance to sunlight, weather, and most chem-
icals. Maximum service temperature of heat-
resistant grades is about 200°F. Standard grades
are rated as slow burning, but a special self-
extinguishing grade of sheet is available.
Although acrylic plastic weighs less than half
as much as glass, it has many times greater
impact resistance. As a thermal insulator, it is
approximately 20% better than glass. It is taste-
less and odorless.

When poly(methyl methacrylate) is manu-
factured with scrupulous care, excellent optical
properties are obtained. Light transmission is
92%; colorants produce a full spectrum of trans-
parent, translucent, or opaque colors. Most col-
ors can be formulated for long-term outdoor
durability. Acrylics are normally formulated to
filter UV energy in the 360-nm and lower band.
Other formulations are opaque to UV light or
provide reduced UV transmission; infrared light
transmission is 92% at wavelengths up to 1100
millimicrons, failing irregularly to 0% at 2200
millimicrons; scattering effect is practically nil;
refractive index is 1.49 to 1.50; critical angle is
42°; dispersion 0.008. Because of its excellent
transparency and favorable index of refraction,
acrylic plastic is often used in the manufacture
of optical lenses. Superior dimensional stability
makes it practicable to produce precision lenses
by injection molding techniques.

In chemical resistance, poly(methyl meth-
acrylate) is virtually unaffected by water, alka-
lies, weak acids, most inorganic solutions, min-
eral and animal oils, and low concentrations of
alcohol. Oxidizing acids affect the material only
in high concentrations. It is also virtually unaf-
fected by paraffinic and olefinic hydrocarbons,
amines, alkyl monohalides, and esters contain-
ing more than ten carbon atoms. Lower esters,
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aromatic hydrocarbons, phenols, aryl halides,
aliphatic acids, and alkyl polyhalides usually
have a solvent action. Acrylic sheet and mold-
ings are attacked, however, by chlorinated and
aromatic hydrocarbons, esters, and ketones.

Mechanical properties of acrylics are high for
short-term loading. However, for long-term ser-
vice, tensile stresses must be limited to 1500 psi
to avoid crazing or surface cracking.

The moderate impact resistance of standard
formulations is maintained even under condi-
tions of extreme cold. High-impact grades have
considerably higher impact strength than stan-
dard grades at room temperature, but impact
strength decreases as temperature drops. Spe-
cial formulations ensure compliance with UL
standards for bullet resistance.

Although acrylic plastics are among the
most scratch resistant of the thermoplastics, nor-
mal maintenance and cleaning operations can
scratch and abrade them. Special abrasion-resis-
tant sheet is available that has the same optical
and impact properties as standard grades.

Toughness of acrylic sheet, as measured by
resistance to crack propagation, can be improved
severalfold by inducing molecular orientation
during forming. Jet aircraft cabin windows, for
example, are made from oriented acrylic sheet.

Transparency, gloss, and dimensional sta-
bility of acrylics are virtually unaffected by
years of exposure to the elements, salt spray, or
corrosive atmospheres. These materials with-
stand exposure to light from fluorescent lamps
without darkening or deteriorating. They ulti-
mately discolor, however, when exposed to
high-intensity UV light below 265 nm. Special
formulations resist UV emission from light
sources such as mercury-vapor and sodium-
vapor lamps.

Product Forms

Cell-cast sheet is produced in several sizes and
thicknesses. The largest sheets available are
120 x 144 in., in thicknesses from 0.030 to
4.25 in. Continuous-cast material is supplied as
flat sheet to !/ in. thick, in widths to 9 ft. Acrylic
sheet cast by the continuous process (between
stainless steel belts) is more uniform in thick-
ness than cell-cast sheet. Cell-cast sheet, on the
other hand, which is cast between glass plates,



has superior optical properties and surface qual-
ity. Also, cell-cast sheet is available in a greater
variety of colors and compositions. Cast acrylic
sheet is supplied in general-purpose grades and
in UV-absorbing, mirrored, super-thermoform-
able, and cementable grades, and with various
surface finishes. Sheets are available in trans-
parent, translucent, and opaque colors.

Acrylic film is available in 2-, 3-, and 6-mil
thicknesses, in clear form and in colors. It is
supplied in rolls to 60 in. wide, principally for
use as a protective laminated cover over other
plastic materials.

Injection-molding and extrusion com-
pounds are available in both standard and high-
molecular-weight grades. Property differences
between the two formulations are principally in
flow and heat resistance. Higher-molecular-
weight resins have lower melt-flow rates and
greater hot strength during processing. Lower-
molecular-weight grades flow more readily and
are designed for making complex parts in hard-
to-fill molds; see Table A.3.

Fabrication Characteristics

When heated to a pliable state, acrylic sheet can
be formed to almost any shape. The forming
operation is usually carried out at about 290 to
340°F. Aircraft canopies, for example, are usu-
ally made by differential air pressure, either
with or without molds. Such canopies have
been made from (1) monolithic sheet stock,
(2) laminates of two layers of acrylic, bonded
by alayer of polyvinyl butyral, and (3) stretched
monolithic sheet. Irregular shapes, such as sign
faces, lighting fixtures, or boxes, can be made
by positive pressure-forming, using molds.

Residual strains caused by forming are min-
imized by annealing, which also brings
cemented joints to full strength. Cementing can
be readily accomplished by using either solvent
or polymerizable cements.

Acrylic plastic can be sawed, drilled, and
machined like wood or soft metals. Saws
should be hollow ground or have set teeth.
Slow feed and coolant will prevent overheat-
ing. Drilling can be done with conventional
metal-cutting drills. Routing requires
high-speed cutters to prevent chipping. Fin-
ished parts can be sanded, and sanded surfaces
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can be polished with a high-speed buffing
wheel. Cleaning should be by soap or detergent
and water, not by solvent-type cleaners.

Acrylic molding powder may be used for
injection, extrusion, or compression molding.
The material is available in several grades, with
a varying balance of flow characteristics and
heat resistance. Acrylics give molded parts of
excellent dimensional stability. Precise con-
tours and sharp angles, important in such appli-
cations as lenses, are achieved without diffi-
culty, and this accuracy of molding can be
maintained throughout large production runs.

Since dirt, lint, and dust detract from the
excellent clarity of acrylics, careful handling
and storage of the molding powder are
extremely important.

Applications

In merchandising, acrylic sheet has become
the major sign material for internally lighted
faces and letters, particularly for outdoor use
where resistance to sunlight and weathering is
important. In addition, acrylics are used for
counter dividers, display fixtures and cases,
transparent demonstration models of house-
hold appliances and industrial machines, and
vending machine cases.

The ability of acrylics to resist breakage
and corrosion, and to transmit and diffuse light
efficiently has led to many industrial and archi-
tectural applications. Industrial window glaz-
ing, safety shields, inspection windows,
machine covers, and pump components are
some of the uses commonly found in plants and
factories. Acrylics are employed to good advan-
tage as the diffusing medium in lighting fixtures
and large luminous ceiling areas. Dome sky-
lights formed from acrylic sheet are an increas-
ingly popular means of admitting daylight to
industrial, commercial, and public buildings
and even to private homes.

Shower enclosures and deeply formed com-
ponents such as tub—shower units, which are
subsequently backed with glass-fiber-rein-
forced polyester and decorated partitions, are
other typical applications. A large volume of
the material is used for curved and flat wind-
shields on pleasure boats, both inboard and out-
board types.




TABLE A.3
Properties of Acrylics

Molding Grade

ASTM
Test Property Cast Sheet Standard High Impact
Physical
D792 Specific gravity 1.19 1.19 1.15-1.17
D792 Specific volume (in.*/1b) 23.3 23.3 24.1
D570 Water absorption, 24 h, 0.2 0.3 0.3
1/8-in. thk (%)
Mechanical
D638 Tensile strength (psi) 10,500 10,500 5,400-7,000
D638 Elongation (%) 5 5 50
D638 Tensile modulus (103 psi) 4.5 43 2.2-8.2
D790 Flexural strength (psi) 16,500 16,000 7,000-10,500
D790 Flexural modulus (10° psi) 4.5 4.5 0.65-2.5
D256 Impact strength, Izod 04 0.4 0.6-1.2
(ft-1b/in. of notch)
D785 Hardness, Rockwell M100-102 M95 R99-M68
Thermal
D696 Coefficient of thermal expansion 3.9 3.6 3.8
(107%) in./in.-°C
D648 Deflection temperature (°F)
At 264 psi 200-215 198 170-190
At 66 psi 225 214 187
Electrical
D149 Dielectric strength (V/mil)
Short time, 1/8-in. thk 500 500 383-450
D150 Dielectric constant
At 1 kHz 33 33 3.9
At 1 MHz 2.5 2.3 2.5-3.0
D150 Dissipation factor
At 1 kHz 0.04 0.04 —
At 1 MHz 0.02-0.03 0.02-0.03 0.01-0.02
D257 Volume resistivity (ohm-cm)
At 73°F, 50% RH >1017 >1017 >1015
D495 Arc resistance (s) No track No track No track
Optical
D542 Refractive index 1.49 1.49 1.49
D1003 Transmittance (%) 92 92 90

Source: Mach. Design Basics Eng. Design, June, p. 678, 1993. With permission.

Acrylic sheet is the standard transparent
material for aircraft canopies, windows, instru-
ment panels, and searchlight and landing light
covers. To meet the increasingly severe service
requirements of pressurized jet aircraft, new
grades of acrylic have been developed that have
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improved resistance to heat and crazing. The
stretching technique has made possible
enhanced resistance to both crazing and shat-
tering. Large sheets, edge-lighted, are used as
radar plotting boards in shipboard and ground-
control stations.



In molded form, acrylics are used exten-
sively for automotive parts, such as taillight
and stoplight lenses, medallions, dials, instru-
ment panels, and signal lights. The beauty and
durability of molded acrylic products have led
to their wide use for nameplates, control knobs,
dials, and handles on all types of home appli-
ances. Acrylic molding powder is also used for
the manufacture of pen and pencil barrels, hair-
brush backs, watch and jewelry cases, and
other accessories. Large-section moldings,
such as covers for fluorescent street lights,
coin-operated phonograph panels, and fruit
juice dispenser bowls, are being molded from
acrylic powder. The extrusion of acrylic sheet
from molding powder is particularly effective
in the production of thin sheeting for use in
such applications as signs, lighting, glazing,
and partitions.

The transparency, strength, light weight,
and edge-lighting characteristics of acrylics
have led to applications in the fields of hospital
equipment, medical examination instruments,
and orthopedic devices. The use of acrylic
polymers in the preparation of dentures is an
established practice. Contact lenses are also
made of acrylics. The embedment of normal
and pathological tissues in acrylic for preser-
vation and instructional use is an accepted tech-
nique. This has been extended to include
embedment of industrial machine parts, as sales
aids, and the preparation of various types of
home decorative articles.

HiGH-IMPACT ACRYLICS

High-impact acrylic molding powder is used in
large-volume, general use. It is used where
toughness greater than that found in the stan-
dard acrylics is desired. Other advantages
include resistance to staining, high surface
gloss, dimensional stability, chemical resis-
tance, and stiffness, and they provide the same
transparency and weatherability as the conven-
tional acrylics.

High-impact acrylic is off-white and nearly
opaque in its natural state and can be produced
in a wide range of opaque colors. Several grades
are available to meet requirements for different
combinations of properties. Various members
of the family have Izod impact strengths from
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about 0.5 to as high as 4 ft-1b/in. notch. Other
mechanical properties are similar to those of
conventional acrylics.

High-impact acrylics are used for hard ser-
vice applications, such as women’s thin-style
shoe heels and housings, ranging from electric
razors to outboard motors, piano and organ
keys, and beverage vending machine housings
and canisters — in short, applications where
toughness, chemical resistance, dimensional
stability, stiffness, resistance to staining, lack of
unpleasant odor or taste, and high surface gloss
are required.

ADHESIVES

These are materials capable of fastening two
other materials together by means of surface
attachment. The words glue, mucilage, mastic,
and cement are synonymous with adhesive. In
a generic sense, the word adhesive implies any
material capable of fastening by surface attach-
ment, and thus will include inorganic materials
such as portland cement and solders such as
Wood’s metal. In a practical sense, however,
adhesive implies the broad set of materials
composed of organic compounds, mainly poly-
meric, that can be used to fasten two materials
together. The materials being fastened together
by the adhesive are the adherends, and an adhe-
sive joint or adhesive bond is the resulting
assembly. Adhesion is the physical attraction
of the surface of one material for the surface
of another.

From an industrial manufacturing stand-
point, the advent of the stealth aircraft and all
the structural adhesive bonding it entails has
drawn widespread attention to the real capabil-
ities of adhesives. Structural bonding uses adhe-
sives to join load-bearing assemblies. Most
often, the assemblies are also subject to severe
service conditions. Such adhesives, regardless
of chemistry, generally have the following
properties:

 Tensile strengths in the 1500 to 4500
psi range
* Very high impact and peel strength

» Service temperature ranges of about
—65 to 3500°F




If these types of working conditions are
expected, then one should give special consid-
eration to proper adhesive selection and dura-
bility testing.

THEORIES

The phenomenon of adhesion has been
described by many theories. The most widely
accepted and investigated is the wettabil-
ity—adsorption theory. Basically, this theory
states that for maximum adhesion the adhesive
must come into complete intimate contact with
the surface of the adherend. That is, the adhesive
must completely wet the adherend. This wetting
is considered to be maximized when the inter-
molecular forces are the same forces as are nor-
mally considered in intermolecular interactions
such as the van der Waals, dipole—dipole,
dipole—induced dipole, and electrostatic interac-
tions. Of these, the van der Waals force is con-
sidered the most important. The formation of
chemical bonds at the interface is not considered
to be of primary importance for achieving max-
imum wetting, but in many cases it is considered
important in achieving durable adhesive bonds.

If the situation is such that the adhesive
completely wets the adherend, the strength of
the adhesive joint depends on the design of the
joint, the physical properties of the adherends,
and, most importantly, the physical properties
of the adhesive.

PARAMETERS

Innumerable adhesives and adhesive formula-
tions are available today. The selection of the
proper type for a specific application can only
be made after a complete evaluation of the
design, the service requirements, production
feasibility, and cost considerations. Usually
such selection is best left up to adhesive sup-
pliers. Once they have been given the complete
details of the application they are in the best
position to select both the type and specific
adhesive formulation.

Types and Forms

Adhesives have been in use since ancient times
and are even mentioned in the Bible. The first
adhesives were of natural origin; for example,
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bitumen, fish oil, and tree resins. In more mod-
ern times, adhesives were still derived from nat-
ural products but were processed before use.
These modern natural adhesives include ani-
mal-derived (such as blood, gelatin, and
casein), vegetable-derived (such as soybean oil
and wheat flour), and forest-derived (pine resins
and cellulose derivatives) products.

Forms include liquid, paste, powder, and
dry film. The commercial adhesives include
pastes, glues, pyroxylin cements, rubber
cements, latex cement, special cements of chlo-
rinated rubber, synthetic rubbers, or synthetic
resins, and the natural mucilages.

Characteristics

Adhesives are characterized by degree of tack
(or stickiness), by strength of bond after setting
or drying, by rapidity of bonding, and by dura-
bility. The strength of bond is inherent in the
character of the adhesive itself, particularly in
its ability to adhere intimately to the surface to
be bonded. Adhesives prepared from organic
products are in general subject to disintegration
on exposure. The life of an adhesive usually
depends on the stability of the ingredient that
gives the holding power, although otherwise
good cements of synthetic materials may disin-
tegrate by the oxidation of fillers or materials
used to increase tack. Plasticizers usually
reduce adhesion. Some fillers such as mineral
fibers or walnut-shell flour increase the thixot-
ropy and the strength, while some such as starch
increase the tack but also increase the tendency
to disintegrate.

CLASSIFICATION

Adhesives can be grouped into five classifica-
tions based on chemical composition. These are
summarized in Table A.4.

Natural

These include vegetable- and animal-based
adhesives and natural gums. They are inexpen-
sive, easy to apply, and have a long shelf life.
They develop tack quickly, but provide only
low-strength joints. Most are water soluble.
They are supplied as liquids or as dry powders
to be mixed with water.



TABLE A4

Adhesives Classified by Chemical Composition

Types within group

Most used form
Common further
classifications

Bond characteristics

Major type of use®

Materials most
commonly bonded

Natural

Casein, blood albumin, hide,
bone, fish, starch (plain and
modified); rosin, shellac,
asphalt; inorganic (sodium
silicate, litharge-glycerin)

Liquid, powder

By vehicle (water emulsion is
most common but many
types are solvent
dispersions)

Wide range, but generally low
strength; good resistance to
heat, chemicals; generally
poor moisture resistance

Household, general purpose,
quick set, long shelf life

‘Wood (furniture), paper, cork,
liners, packaging (food),
textiles, some metals and
plastics; industrial uses
giving way to other groups

Thermoplastic

Polyvinyl acetate, polyvinyl
alcohol, acrylic, cellulose
nitrate, asphalt, oleo-resin

Liquid, some dry film

By vehicle (most are solvent
dispersions or water
emulsions)

Good to 150-200°F; poor
creep strength; fair peel
strength

Unstressed joints; designs
with caps, overlaps,
stiffeners

Formulation range covers all
materials, but emphasis on
nonmetallics—esp wood,
leather, cork, paper, etc.

Thermosetting

Phenolic, resorcinol, phenol-
resorcinol, epoxy, epoxy-
phenolic, urea, melamine,
alkyd

Liquid, but all forms common

By cure requirements (heat
and/or pressure most
common but some are
catalyst types)

Good to 200-500°F; good
creep strength; fair peel
strength

Stressed joints at slightly
elevated temp

Epoxy-phenolics for
structural uses of most
materials; others mainly for
wood; alkyds for
laminations; most epoxies
are modified (alloys)

Elastomeric

Natural rubber, reclaim
rubber, butadiene-styrene
(GR-S), neoprene,
acrylonitrile-butadiene
(Buna-N), silicone

Liquid, some film

By cure requirements (all are
common); also by vehicle
(most are solvent
dispersions or water
emulsions)

Good to 150—-400°F; never
melt completely; low
strength; high flexibility

Unstressed joints on
lightweight materials; joints
in flexure

Few used “straight” for
rubber, fabric, foil, paper,
leather, plastics, films; also
as tapes; most modified with
synthetic resins

Alloys?

Phenolic-polyvinyl butyral,
phenolic-polyvinyl formal,
phenolic-neoprene rubber,
phenolic-nitrile rubber,
modified epoxy

Liquid, paste, film

By cure requirements (usually
heat and pressure except some
epoxy types); by vehicle (most
are solvent dispersions or 100%
solids); and by type of
adherends or end-service
conditions

Balanced combination of
properties of other chemical
groups depending on
formulation; generally higher
strength over wider temp range

Where highest and strictest end-
service conditions must be met;
sometimes regardless of cost, as
military uses

Metals, ceramics, glass,
thermosetting plastics; nature of
adherends often not as vital as
design or end-service conditions
(i.e., high strength, temp)

2 “Alloy,” as used here, refers to formulations containing resins from two or more different chemical groups. There are also formulations that benefit from compounding two resin types from

the same chemical group (e.g., epoxy-phenolic).
b Although some uses of the “nonalloyed” adhesives absorb a large percentage of the quantity of adhesives sold, the uses are narrow in scope; from the standpoint of diversified applications,

by far the most important use of any group is the forming of adhesive alloys.
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Casein-latex type is an exception. It con-
sists of combinations of casein with either nat-
ural or synthetic rubber latex. It is used to bond
metal to wood for panel construction and to join
laminated plastics and linoleum to wood and
metal. Except for this type, most natural adhe-
sives are used for bonding paper, cardboard,
foil, and light wood.

Synthetic Polymer. The greatest growth in
the development and use of organic com-
pound-based adhesives came with the applica-
tion of synthetically derived organic polymers.
Broadly, these materials can be divided into two
types: thermoplastics and thermosets. Thermo-
plastic adhesives become soft or liquid upon
heating and are also soluble. Thermoset adhe-
sives cure upon heating and then become solid
and insoluble. Those adhesives that cure under
ambient conditions by appropriate choice of
chemistry are also considered thermosets.

An example of a thermoplastic adhesive is
a hot-melt adhesive. A well-known hot-melt
adhesive in use since the Middle Ages is seal-
ing wax. Modern hot-melt adhesives are com-
posed of polymers such as polyamides, poly-
esters, ethylene-vinyl acetate copolymers, and
polyethylene. Modern hot melts are heavily
compounded with wax and other materials.
Another widely used thermoplastic adhesive is
polyvinyl acetate, which is applied from an
emulsion.

Thermoplastic Adhesives

They can be softened or melted by heating and
hardened by cooling. They are based on ther-
moplastic resins (including asphalt and oleo-
resin adhesives) dissolved in solvent or emul-
sified in water. Most of them become brittle at
subzero temperatures and may not be used
under stress at temperatures much above 150°F.
As they are relatively soft materials, thermo-
plastic adhesives have poor creep strength.
Although lower in strength than all but natural
adhesives and suitable only for noncritical ser-
vice, they are also lower in cost than most adhe-
sives. They are also odorless and tasteless and
can be made fungus resistant.

Pressure Sensitive. Pressure-sensitive
adhesives are mostly thermoplastic in nature
and exhibit an important property known as
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tack. That is, pressure-sensitive adhesives
exhibit a measurable adhesive strength with
only a mild applied pressure. Pressure-sensitive
adhesives are derived from elastomeric materi-
als, such as polybutadiene or polyisoprene.

Thermosetting Adhesives

Based on thermosetting resins, they soften with
heat only long enough for the cure to initiate.
Once cured, they become relatively infusible up
to their decomposition temperature. Although
most such adhesives do not decompose at tem-
peratures below 500°F, some are useful only to
about 150°F. Different chemical types have dif-
ferent curing requirements. Some are supplied
as two-part adhesives and mixed before use at
room temperature; some require heat or pres-
sure to bond.

As a group, these adhesives provide stron-
ger bonds than natural, thermoplastic, or elas-
tomeric adhesives. Creep strength is good and
peel strength is fair. Generally, bonds are brittle
and have little resilience and low impact
strength.

Elastomeric Adhesives

Based on natural and synthetic rubbers, elasto-
meric adhesives are available as solvent disper-
sions, latexes, or water dispersions. They are
primarily used as compounds that have been
modified with resins to form some of the adhe-
sive “alloys” discussed below. They are similar
to thermoplastics in that they soften with heat,
but never melt completely. They generally pro-
vide high flexibility and low strength, and with-
out resin modifiers, are used to bond paper and
similar materials.

Alloy Adhesives

This term refers to adhesives compounded from
resins of two or more different chemical fami-
lies, e.g., thermosetting and thermoplastic, or
thermosetting and elastomeric. In such adhe-
sives the performance benefits of two or more
types of resins can be combined. For example,
thermosetting resins are plasticized by a second
resin resulting in improved toughness, flexibil-
ity, and impact resistance.



STRUCTURAL ADHESIVES

Structural adhesives are, in general, of the alloy
or thermosetting type and have the property of
fastening adherends that are structural materials
(such as metals and wood) for long periods of
time even when the adhesive joint is under load.
Phenolic-based structural adhesives were
among the first structural adhesives to be devel-
oped and used.

The most widely used structural adhesives
are based on epoxy resins. Epoxy resin struc-
tural adhesives will cure at ambient or elevated
temperatures, depending on the type of cura-
tive. Urethanes, generated by isocyanate-diol
reactions, are also used as structural adhesives.
Acrylic monomers have also been utilized as
structural adhesives. These acrylic adhesives
use an ambient-temperature surface-activated
free radical cure. A special type of acrylic adhe-
sive, based on cyanoacrylates (so-called super-
glue), is a structural adhesive that utilizes an
anionic polymerization for its cure. Acrylic
adhesives are known for their high strength and
extremely rapid cure. Structural adhesives with
resistance to high temperature (in excess of
390°F, or 200°C) for long times can be gener-
ated from ladder polymers such as polyimides
and polyphenyl quinoxalines.

Three of the most commonly used adhe-
sives are the modified epoxies, neoprene-phe-
nolics, and vinyl formal-phenolics. Modified
epoxy adhesives are thermosetting and may be
of either the room-temperature-curing type,
which cure by addition of a chemical activator,
or the heat-curing type. They have high strength
and resist temperature up to nearly 500°F
(260°C).

A primary advantage of the epoxies is that
they are 100% solids, and there is no problem
of solvent evaporation after joining impervious
surfaces. Other advantages include high shear
strengths, rigidity, excellent self-filleting char-
acteristics, and excellent wetting of metal and
glass surfaces. Disadvantages include low peel
strength, lack of flexibility, and inability to
withstand high impact.

Neoprene-phenolic adhesives are alloys
characterized by excellent peel strength, but
lower shear strength than modified epoxies. They
are moderately priced, offer good flexibility and
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vibration absorption, and have good adhesion to
most metals and plastics.

Neoprene-phenolics are solvent types, but
special two-part chemically curing types are
sometimes used to obtain specific properties.

Vinyl formal-phenolic adhesives are alloys
whose properties fall between those of modified
epoxies and the thermoset-elastomer types.
Vinyl formal-phenolics have good shear, peel,
fatigue, and creep strengths and good resistance
to heat, although they soften somewhat at ele-
vated temperatures.

They are supplied as solvent dispersions in
solution or in film form. In the film form the
adhesive is coated on both sides of a reinforcing
fabric. Sometimes it is prepared by mixing a
liquid phenolic resin with vinyl formal powder
just prior to use.

Other Adhesives/Cements

Paste adhesives are usually water solutions of
starches or dextrins, sometimes mixed with
gums, resins, or glue to add strength, and con-
taining antioxidants. They are the cheapest of
the adhesives, but deteriorate on exposure
unless made with chemically altered starches.
They are widely employed for the adhesion of
paper and paperboard. Much of the so-called
vegetable glue is tapioca paste. It is used for
the cheaper plywoods, postage stamps, enve-
lopes, and labeling. It has a quick tack, and is
valued for pastes for automatic box-making
machines. Latex pastes of the rub-off type are
used for such purposes as photographic mount-
ing, as they do not shrink the paper as do the
starch pastes. Glues are usually water solutions
of animal gelatin, and the only difference
between animal glues and edible gelatin is in
the degree of purity. Hide and bone glues are
marketed as dry flake, but fish glue is liquid.
Mucilages are light vegetable glues, generally
from water-soluble gums.

Rubber cements for paper bonding are sim-
ple solutions of rubber in a chemical solvent.
They are like the latex pastes in that the excess
can be rubbed off the paper. Stronger rubber
cements are usually compounded with resins,
gums, or synthetics. An infinite variety of these
cements is possible, and they are all waterproof
with good initial bond, but they are subject to




deterioration on exposure, as the rubber is
uncured. This type of cement is also made from
synthetic rubbers that are self-curing. Curing
cements are rubber compounds to be cured by
heat and pressure or by chemical curing agents.
When cured, they are stronger, give better
adhesion to metal surfaces, and have longer
life. Latex cements are solvent solutions of
rubber latex. They provide excellent tack and
give strong bonds to paper, leather, and fabric,
but they are subject to rapid disintegration
unless cured.

In general, natural rubber has the highest
cohesive strength of the rubbers, with rapid ini-
tial tack and high bond strength. It also is odor-
less. Neoprene has the highest cohesive strength
of the synthetic rubbers, but it requires tackifi-
ers. Graphite—sulfur rubber (styrene—butadiene)
is high in specific adhesion for quick bonding,
but has low strength. Reclaimed rubber may be
used in cements, but it has low initial tack and
needs tackifiers.

Pyroxylin cements may be merely solutions
of nitrocellulose in chemical solvents, or they
may be compounded with resins, or plasticized
with gums or synthetics. They dry by the evap-
oration of the solvent and have little initial tack,
but because of their ability to adhere to almost
any type of surface they are called household
cements. Cellulose acetate may also be used.
These cements are used for bonding the soles
of women’s shoes. The bonding strength is
about 10 Ib/in.2 (0.07 MPa), or equivalent to the
adhesive strength of the outer fibers of the
leather to be bonded. For hot-press lamination
of wood the plastic cement is sometimes mar-
keted in the form of thin sheet.

Polyvinyl acetate-crotonic acid copolymer
resin is used as a hot-dip adhesive for book and
magazine binding. It is soluble in alkali solu-
tions, and thus the trim is reusable. Polyvinyl
alcohol, with fillers of clay and starch, is used
for paperboard containers. Vinyl emulsions are
much used as adhesives for laminates.

Epoxy resin cements give good adhesion to
almost any material and are heat-resistant to
about 400°F (204°C). An epoxy resin will give
a steel-to-steel bond of 3100 Ib/in.? (22 MPa),
and an aluminum-to-aluminum bond to 3800
Ib/in.2 (26 MPa).
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Some pressure-sensitive adhesives are mix-
tures of a phenolic resin and a nitrile rubber in
a solvent, but adhesive tapes are made with a
wide variety of rubber or resin compounds.

Furan cements, usually made with furfural-
alcohol resins, are strong and highly resistant
to chemicals. They are valued for bonding acid-
resistant brick and tile.

Acrylic adhesives are solutions of rubber-
based polymers in methacrylate monomers.
They are two-component systems and have
characteristics similar to those of epoxy and
urethane adhesives. They bond rapidly at room
temperature, and adhesion is not greatly
affected by oily or poorly prepared surfaces.
Other advantages are low shrinkage during
cure, high peel and shear strength, excellent
impact resistance, and good elevated tempera-
ture properties. They can be used to bond a great
variety of materials, such as wood, glass, alu-
minum, brass, copper, steel, most plastics, and
dissimilar metals.

Ultraviolet cure adhesives are anaerobic
structural adhesives formulated specifically for
glass bonding applications. The adhesive
remains liquid after application until ultraviolet
light triggers the curing mechanism.

A ceramic adhesive developed by the Air
Force for bonding stainless steel to resist heat
to 1500°F (816°C) is made with a porcelain
enamel frit, iron oxide, and stainless steel pow-
der. It is applied to both parts and fired at
1750°F (954°C), giving a shear strength of 1500
Ib/in.2 (10 Mpa) in the bond. But ceramic
cements that require firing are generally classed
with ordinary adhesives. Wash-away adhesives
are used for holding lenses, electronic crystal
wafers, or other small parts for grinding and
polishing operations. They are based on acrylic
or other low-melting thermoplastic resins. They
can be removed with a solvent or by heating.

Electrically conductive adhesives are made
by adding metallic fillers, such as gold, silver,
nickel, copper, or carbon powder. Most conduc-
tive adhesives are epoxy-based systems,
because of their excellent adhesion to metallic
and nonmetallic surfaces. Silicones and poly-
imides are also frequently the base in adhesives
used in bonding conductive gaskets to housings
for electromagnetic and radio-frequency inter-
ference applications.



Properties

An important property for a structural adhesive
is resistance to fracture (toughness). Thermo-
plastics, because they are not cured, can deform
under load and exhibit resistance to fracture. As
a class, thermosets are quite brittle, and ther-
moset adhesives are modified by elastomers to
increase their resistance to fracture.

Applications

Hot-melt adhesives are used for the manufac-
ture of corrugated paper, in packaging, in car-
peting, in bookbinding, and in shoe manufac-
ture. Pressure-sensitive adhesives are most
widely used in the form of coatings on tapes.
These pressure-sensitive adhesive tapes have
numerous applications, from electrical tape to
surgical tape. Structural adhesives are applied
in the form of liquids, pastes, or 100% adhesive
films. Epoxy liquids and pastes are very widely
used adhesive materials, having application in
many assembly operations ranging from gen-
eral industrial to automotive to aerospace vehi-
cle construction. Solid-film structural adhe-
sives are used widely in aircraft construction.
Acrylic adhesives are used in thread-locking
operations and in small-assembly operations
such as electronics manufacture, which require
rapid cure times. The largest-volume use of
adhesives is in plywood and other timber prod-
ucts manufacture. Adhesives for wood bonding
range from the natural products (such as blood
or casein) to the very durable phenolic-based
adhesives.

ALKYDS

Several types of alkyds exist.

Alkyd coatings are used for such diverse
applications as air-drying water emulsion wall
paints and baked enamels for automobiles and
appliances. The properties of oil-modified
alkyd coatings depend on the specific oil used
as well as the percentage of oil in the compo-
sition. In general, they are comparatively low
in cost and have excellent color retention, dura-
bility, and flexibility, but only fair drying speed,
chemical resistance, heat resistance, and salt
spray resistance. The oil-modified alkyds can
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be further modified with other resins to produce
resin-modified alkyds.

Alkyd resins are a group of thermosetting
synthetic resins known chemically as hydroxy-
carboxylic resins, of which the one produced
from phthalic anhydride and glycerol is repre-
sentative. They are made by the esterification
of a polybasic acid with a polyhydric alcohol,
and have the characteristics of homogeneity and
solubility that make them especially suitable for
coatings and finishes, plastic molding com-
pounds, calking compounds, adhesives, and
plasticizers for other resins. The resins have
high adhesion to metals; are transparent, easily
colored, tough, flexible, and heat and chemical
resistant; and have good dielectric strength.

Alkyd plastic molding compounds are
composed of a polyester resin and usually a
diallyl phthalate monomer plus various inor-
ganic fillers, depending on the desired proper-
ties. The raw material is produced in three
forms — granular, putty, and glass-fiber-rein-
forced. As a class, the alkyds have excellent
heat resistance up to about 150°C, high stiff-
ness, and moderate tensile and impact strength.
Their low moisture absorption combined with
good dielectric strength makes them particu-
larly suitable for electronic and electrical hard-
ware, such as switch-gear, insulators, and parts
for motor controllers and automotive ignition
systems. They are easily molded at low pres-
sures and cure rapidly.

Alkyds are part of the group of materials
that includes bulk-molding compounds (BMCs)
and sheet-molding compounds (SMCs). They
are processed by compression, transfer, or
injection molding. Fast molding cycles at low
pressure make alkyds easier to mold than many
other thermosets. They represent the introduc-
tion to the thermosetting plastics industry of the
concept of low-pressure, high-speed molding.
Typical properties are shown in Table A.5.

Alkyds are furnished in granular com-
pounds, extruded ropes or logs, bulk-molding
compound, flake, and putty-like sheets. Except
for the putty grades, which may be used for
encapsulation, these compounds contain
fibrous reinforcement. Generally, the fiber
reinforcement in rope and logs is longer than
that in granular compounds and shorter than
that in flake compounds. Thus, strength of




TABLE A.5
Properties of Alkyds
Filler
ASTM Test Property Mineral Glass
Physical
D792 Specific gravity 1.60-2.30 2.0-2.3
D570 Water absorption, 24 h, 1/8-in. thk (%) 0.05-0.50 0.03-0.5
Mechanical
D638 Tensile strength (psi) 3,000-9,000 4,000-9,500
D638 Tensile modulus (103 psi) 5-30 20-28
D790 Flexural strength (psi) 6,000-17,000 8,500-26,000
D790 Flexural modulus (10° psi) 20 20
D256 Impact strength, Izod (ft-1b/in. of notch) 0.3-0.5 0.5-16
D785 Hardness, Rockwell E98 E95
Thermal
C177 Thermal conductivity 12.2-25 15-25
(10~ cal-cm/s-cm?-°C)
D696 Coefficient of thermal expansion 2-5 1.5-3.3
(107 in./in.-°C)
D648 Deflection temperature (°F)
At 264 psi 350-500 400-500
Electrical
D149 Dielectric strength, (V/mil)
Short time, 1/8-in. thk 350-450 250-530
D150 Dielectric constant
At 1 kHz 5.5-6.0 —
D150 Dissipation factor
At 1 kHz 0.02-0.04 —
D257 Volume resistivity (ohm-cm)
At 73°F, 50% RH 103-10" —
D495 Arc resistance (s) 180+ 180+

Source: Mach. Design Basics Eng. Design, June, p. 680, 1993. With permission.

these materials is between those of granular
and flake compounds. Because the fillers are
opaque and the resins are amber, translucent
colors are not possible. Opaque, light shades
can be produced in most colors, however.
Molded alkyd parts resist weak acids,
organic solvents, and hydrocarbons such as alco-
hol and fatty acids; they are attacked by alkalies.
Depending on the properties desired in the
finished compound, the fillers used are clay,
asbestos, fibrous glass, or combinations of these
materials. The resulting alkyd compounds are
characterized in their molding behavior by the
following significant features: (1) no liberation
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of volatiles during the cure, (2) extremely soft
flow, and (3) fast cure at molding temperatures.

Although the general characteristics of fast
cure and low-pressure requirements are com-
mon to all alkyd compounds, they may be
divided into three different groups that are eas-
ily discernible by the physical form in which
they are manufactured.

1. Granular types, which have mineral
or modified mineral filters, providing
superior dielectric properties and
heat resistance



2. Putty types, which are quite soft and
particularly well suited for low-pres-
sure molding

3. Glass fiber-reinforced types, which
have superior mechanical strengths

For each of these distinct types a more detailed
description follows.

GRANULAR TYPES

The physical form of materials in this group is
that of a free-flowing powder. Thus, these mate-
rials readily lend themselves to conventional
molding practices such as volumetric loading,
preforming, and high-speed automatic opera-
tions. The outstanding properties of parts
molded from this group of compounds are high
dielectric strength at elevated temperatures,
high arc resistance, excellent dimensional sta-
bility, and high heat resistance. Compounds are
available within this group that are self-extin-
guishing and certain recently developed types
display exceptional retention of insulating
properties under high humidity conditions.
These materials have found extensive use
as high-grade electrical insulation, especially in
the electronics field. One of the major electronic
applications for alkyd compounds is in the con-
struction of vacuum tube bases, where the high
dry insulation resistance of the material is par-
ticularly useful in keeping the electrical leakage
between pins to a minimum. In the television
industry, tuner segments are frequently molded
from granular alkyd compound since electrical
and dimensional stability is necessary to pre-
vent calibration shift in the tuner circuits. Also,
the granular alkyds have received considerable
usage in automotive ignition systems where
retention of good dielectric characteristics at
elevated temperatures is vitally important.

Putty TyPEs

This group contains materials that are furnished
in soft, puttylike sheets. They are characterized
by very low pressure molding requirements
(less than 800 psi), and are used in molding
around delicate inserts and in solving special
loading problems. Molders customarily extrude
these materials into a ribbon of a specific size,
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which is then cut into preforms before molding.
Whereas granular alkyds are rather diversified
in their various applications, putty has found
widespread use in one major application:
molded encapsulation of small electronic com-
ponents, such as mica, polyester film, and paper
capacitors; deposited carbon resistors; small
coils; and transformers.

The purpose here is to insulate the compo-
nents electrically, as well as to seal out mois-
ture. Use of alkyds has become especially pop-
ular because of their excellent electrical and
thermal properties, which result in high func-
tional efficiency of the unit in a minimum space,
coupled with low-pressure molding require-
ments, which prevent distortion of the subas-
sembly during molding.

GrAss- FIBER-REINFORCED TYPES

This type of alkyd molding compound is used
in a large number of applications requiring
high mechanical strength as well as electrical
insulating properties. Glass-fiber-reinforced
alkyds can be either compression or plunger
molded permitting a wide variety of types of
applications, ranging from large circuit
breaker housings to extremely delicate elec-
tronic components.

OTHER TYPES OF ALKYD
MoLbING COMPOUNDS

Halogen and/or phosphorus-bearing alkyd
molding compounds with antimony trioxide
added provide improved flame resistance. Other
flame-resistant compounds are available that do
not contain halogenated resins. Many grades
are UL-rated at 94V-0 in sections under /16 in.
Flammability ratings depend on specific formu-
lations, however, and can vary from 94HB to
V-0. Flammability ratings also vary with sec-
tion thickness.

Glass- and asbestos-filled compounds have
better heat resistance than the cellulose-modi-
fied types. Depending on type, alkyds can be
used continuously to 350°F and, for short peri-
ods, to 450°F. Alkyd molding compounds
retain their dimensional stability and electrical
and mechanical properties over a wide temper-
ature range.




MOoLDING CHARACTERISTICS

Although full realization of the advantages of
molding alkyds is best attained through the use
of high-speed, lightweight equipment, nearly
all modern compression presses are suitable for
use with these materials. Since these com-
pounds are quite fast curing, the press utilized
in molding them should be capable of applying
full pressure within approximately 6 to 8 s after
the mold has been charged. In selecting a press
to operate a specific mold for alkyds, the fol-
lowing rule should prove useful: for average
draws, the press should furnish about 1500 psi
over the projected area of the cavity and lands
for molding granular alkyds; about 800 psi for
alkyd putty; and about 2000 psi for glass-rein-
forced alkyd.

Alkyd parts are in successful production in
positive, semipositive, and flash molds. In gen-
eral, the positive and semipositive types are rec-
ommended to obtain uniformly dense parts with
lowest shrinkage. However, flash molds are fre-
quently used with alkyd putty because of its low
bulk factor. In any case, hardened, chromium-
plated steel molds are recommended.

The resin characteristics of alkyd molding
compounds are such that the material goes
through a very low viscosity phase momentarily
when heat and pressure are applied. This low
viscosity phase makes possible the complete
filling of the mold at pressures much lower than
those required for other thermosets. Under ordi-
nary conditions, alkyd materials have good
release characteristics, and no lubrication is
necessary to ensure ejection from the mold.

APPLICATIONS

High-impact grades of alkyd compounds (with
high glass content) are used in military switch-
gear, electrical terminal strips, and relay and
transformer housings and bases. Mineral-filled
grades, which can be modified with cellulose
to reduce specific gravity and cost, are used in
automotive ignition parts, radio and television
components, switch-gear, and small appliance
housings. Alkyds with all-mineral fillers have
high moisture resistance and are particularly
suited for electronic components. Grades are
available that can withstand the temperatures of
vapor-phase soldering.
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ALLOY

An alloy is a metal product containing two or
more elements as a solid solution, as an inter-
metallic compound, or as a mixture of metallic
phases. Except for native copper and gold, the
first metals of technological importance were
alloys. Bronze, an alloy of copper and tin, is
appreciably harder than copper. This quality
made bronze so important an alloy that it left a
permanent imprint on the civilization of several
millennia ago now known as the Bronze Age.

Alloys are used because they have specific
properties or production characteristics that are
more attractive than those of the pure, elemental
metals. For example, some alloys possess high
strength, others have low melting points, others
are refractory with high melting temperatures,
some are especially resistant to corrosion, and
others have desirable magnetic, thermal, or
electrical properties. These characteristics arise
from both the internal and the electronic struc-
ture of the alloy. In recent years, the term plastic
alloy also has been applied to plastics.

Metal alloys are more specifically
described with reference to the major element
by weight, which is also called the base metal
or parent metal. Thus, the terms aluminum
alloy, copper alloy, etc. Elements present in
lesser quantities are called alloying elements.
When one or more alloying elements are
present in substantial quantity or, regardless of
their amount, have a pronounced effect on the
alloy, they, too, may be reflected in generic
designations.

Metal alloys are also often designated by
trade names or by trade association or society
designations. Among the more common of the
latter are the three-digit designations for the
major families of stainless steels and the four-
digit ones for aluminum alloys.

Structurally there are two kinds of metal
alloys — single phase and multiphase. Single-
phase alloys are composed of crystals with the
same type of structure. They are formed by
“dissolving” together different elements to pro-
duce a solid solution. The crystal structure of a
solid solution is normally that of the base metal.

In contrast to single-phase alloys, mul-
tiphase alloys are mixtures rather than solid
solutions. They are composed of aggregates of



two or more different phases. The individual
phases making up the alloy are different from
one another in their composition or structure.
Solder, in which the metals lead and tin are
present as a mechanical mixture of two separate
phases, is an example of the simplest kind of
multiphase alloy. In contrast, steel is a complex
alloy composed of different phases, some of
which are solid solutions. Multiphase alloys far
outnumber single-phase alloys in the industrial
material field, chiefly because they provide
greater property flexibility. Thus, properties of
multiphase alloys are dependent upon many
factors, including the composition of the indi-
vidual phases, the relative amounts of the dif-
ferent phases, and the positions of the various
phases relative to one another.

When two different thermoplastic resins are
blended, a plastic alloy is obtained. Alloying
permits resin polymers to be blended that can-
not be polymerized. Not all plastics are amena-
ble to alloying. Only resins that are compatible
with each other — those that have similar melt
traits — can be successfully blended.

Types OF ALLOYS
Bearing Alloys

These alloys are used for metals that encounter
sliding contact under pressure with another
surface; the steel of a rotating shaft is a com-
mon example. Most bearing alloys contain par-
ticles of a hard intermetallic cornpound that
resists wear. These particles, however, are
embedded in a matrix of softer material that
adjusts to the hard particles so that the shaft is
uniformly loaded over the total surface. The
most familiar bearing alloy is babbitt metal,
which contains 83 to 91% tin (Sn); the remain-
der is made up of equal parts of antimony (Sb)
and copper (Cu), which form hard particles of
the compounds SbSn and CuSn in a soft tin
matrix. Other bearing alloys are based on cad-
mium (Cd), copper, or silver (Ag). For exam-
ple, an alloy of 70% copper and 30% lead (Pb)
is used extensively for heavily loaded bearings.
Bearings made by powder metallurgy tech-
niques are widely used. These techniques are
valuable because they permit the combination
of materials that are incompatible as liquids,
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for example, bronze and graphite. Powder tech-
niques also permit controlled porosity within
the bearings so that they can be saturated with
oil before being used, the so-called oilless
bearings.

Corrosion-Resisting Alloys

Certain alloys resist corrosion because they are
noble metals. Among these alloys are the pre-
cious metal alloys, which will be discussed sep-
arately. Other alloys resist corrosion because a
protective film develops on the metal surface.
This passive film is an oxide that separates the
metal from the corrosive environment. Stainless
steels and aluminum alloys exemplify metals
with this type of protection. Stainless steels are
iron alloys containing more than 12% chromium
(Cr). Steels with 18% Cr and 8% nickel (Ni) are
the best known and possess a high degree of
resistance to many corrosive environments. Alu-
minum (Al) alloys gain their corrosion-deterring
characteristics by the formation of a very thin
surface layer of aluminum oxide (Al,O;), which
is inert to many environmental liquids. This
layer is intentionally thickened in commercial
anodizing processes to give a more permanent
Al,O; coating. Monel, an alloy of approximately
70% nickel and 30% copper, is a well-known
corrosion-resisting alloy that also has high
strength. Another nickel-base alloy is Inconel,
which contains 14% chromium and 6% iron
(Fe). The bronzes, alloys of copper and tin, also
may be considered to be corrosion resisting.

Dental Alloys

Amalgams are predominantly alloys of silver
and mercury, but they may contain minor
amounts of tin, copper, and zinc for hardening
purposes, for example, 33% silver, 52% mer-
cury, 12% tin, 2% copper, and less than 1%
zinc. Liquid mercury is added to a powder of a
precursor alloy of the other metals. After com-
paction, the mercury diffuses into the silver-
base metal to give a completely solid alloy.
Gold-base dental alloys are preferred over pure
gold because gold is relatively soft. The most
common dental gold alloy contains gold (80 to
90%), silver (3 to 12%), and copper (2 to 4%).
For higher strengths and hardnesses, palladium




and platinum (up to 3%) are added, and the
copper and silver are increased so that the gold
content drops to 60 to 70%. Vitallium, an alloy
of cobalt (65%), chromium (5%), molybdenum
(3%), and nickel (3%), and other corrosion-
resistant alloys are used for bridgework and
special applications.

Die-Casting Alloys

These alloys have melting temperatures low
enough so that in the liquid form they can be
injected under pressure into steel dies. Such
castings are used for automotive parts and for
office and household appliances that have mod-
erately complex shapes. This processing proce-
dure eliminates the need for expensive machin-
ing and forming operations. Most die castings
are made from zinc-base or aluminum-base
alloys. Magnesium-base alloys also find some
application when weight reduction is para-
mount. Low-melting alloys of lead and tin are
not common because they lack the necessary
strength for the above applications. A common
zinc-base alloy contains approximately 4% alu-
minum and up to 1% copper. These additions
provide a second phase in the metal to give
added strength. The alloy must be free of even
minor amounts (less than 100 ppm) of impuri-
ties such as lead, cadmium, or tin, because
impurities increase the rate of corrosion. Com-
mon aluminum-base alloys contain 5 to 12%
silicon, which introduces hard-silicon particles
into the tough aluminum matrix. Unlike zinc-
base alloys, aluminum-base alloys cannot be
electroplated; however, they may be burnished
or coated with enamel or lacquer.

Advances in high-temperature die-mold
materials have focused attention on the die-
casting of copper-base and iron-base alloys.
However, the high casting temperatures intro-
duce costly production requirements, which
must be justified on the basis of reduced
machining costs.

Eutectic Alloys

In certain alloy systems a liquid of a fixed com-
position freezes to form a mixture of two basi-
cally different solids or phases. An alloy that
undergoes this type of solidification process is
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called a eutectic alloy. A typical eutectic alloy
is formed by combining 28.1% of copper with
71.9% of silver. A homogeneous liquid of this
composition on slow cooling freezes to form a
mixture of particles of nearly pure copper
embedded in a matrix (background) of nearly
pure silver.

The advantageous mechanical properties
inherent in composite materials such as ply-
wood composed of sheets or lamellae of wood
bonded together and fiberglass in which glass
fibers are used to reinforce a plastic matrix have
been known for many years. Attention is being
given to eutectic alloys because they are basi-
cally natural composite materials. This is par-
ticularly true when they are directionally solid-
ified to yield structures with parallel plates of
the two phases (lamellar structure) or long
fibers of one phase embedded in the other phase
(fibrous structure). Directionally solidified
eutectic alloys are being given serious consid-
eration for use in fabricating jet engine turbine
blades. For this purpose eutectic alloys that
freeze to form tantalum carbide (TaC) fibers in
a matrix of a cobalt-rich alloy have been
heavily studied.

Fusible Alloys

These alloys generally have melting tempera-
tures below that of tin (450°F, or 232°C), and
in some cases as low as 120°F (50°C). Using
eutectic compositions of metals such as lead,
cadmium, bismuth, tin, antimony, and indium
achieves these low melting temperatures. These
alloys are used for many purposes, for example,
in fusible elements in automatic sprinklers,
forming and stretching dies, filler for thin-
walled tubing that is being bent, and anchoring
dies, punches, and parts being machined.
Alloys rich in bismuth were formerly used for
type metal because these low-melting metals
exhibited a slight expansion on solidification,
thus replicating the font perfectly for printing
and publication.

High-Temperature Alloys

Energy conversion is more efficient at high tem-
peratures than at low; thus the need in power-
generating plants, jet engines, and gas turbines



for metals that have high strengths at high tem-
peratures is obvious. In addition to having
strength, these alloys must resist oxidation by
fuel—air mixtures and by steam vapor. At tem-
peratures up to about 1380°F (750°C), the aus-
tenitic stainless steels (18% Cr—-8% Ni) serve
well. An additional 180°F (100°C) may be real-
ized if the steels also contain 3% molybdenum.
Both nickel-base and copper-base alloys, com-
monly categorized as superalloys, may serve
useful functions up to 2000°F (1100°C).
Nichrome, a nickel-base alloy containing 12 to
15% chromium and 25% iron, is a fairly simple
superalloy. More sophisticated alloys invariably
contain five, six, or more components; for
example, an alloy called René-41 contains
approximately 19% Cr, 1.5% Al, 3% Ti, 11%
Co, 10% Mo, 3% Fe, 0.1% C, 0.005% B, and
the balance Ni. Other alloys are equally com-
plex. The major contributor to strength in these
alloys is the solution-precipitate phase of Ni,
(TiAl). It provides strength because it is coher-
ent with the nickel-rich phase. Cobalt-base
superalloy may be even more complex and gen-
erally contain carbon, which combines with the
tungsten (W) and chromium to produce carbides
that serve as the strengthening agent. In general,
the cobalt-base superalloys are more resistant to
oxidation than the nickel-base alloys are, but
they are not as strong. Molybdenum-base alloys
have exceptionally high strength at high temper-
atures, but their brittleness at lower temperatures
and their poor oxidation resistance at high tem-
peratures have limited their use. However, coat-
ings permit the use of such alloys in an oxidizing
atmosphere, and they are finding increased
application. A group of materials called cermets,
which are mixtures of metals and compounds
such as oxides and carbides, have high strength
at high temperatures, and although their ductility
is low, they have been found to be usable. One
of the better-known cermets consists of a mix-
ture of TiC and nickel, the nickel acting as a
binder or cement for the carbide.

Joining Alloys

Metals are bonded by three principal proce-
dures: welding, brazing, and soldering. Welded
joints melt the contact region of the adjacent
metal; thus, the filler material is chosen to
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approximate the composition of the parts being
joined. Brazing and soldering alloys are chosen
to provide filler metal with an appreciably lower
melting point than that of the joined parts. Typ-
ically, brazing alloys melt above 750°F (400°C)
whereas solders melt at lower temperatures. A
57% Cu-42% Zn—1% Sn brass is a general-
purpose alloy for brazing steel and many non-
ferrous metals. A Si—Al eutectic alloy is used
for brazing aluminum, and an aluminum-con-
taining magnesium eutectic alloy brazes mag-
nesium parts. The most common solders are
based on Pb-Sn alloys. The prevalent 60%
Sn—40% Pb solder is eutectic in composition
and is used extensively for electrical circuit pro-
duction, in which temperature limitations are
critical. A 35% Sn—65% Pb alloy has a range
of solidification and is thus preferred as a wip-
ing solder by plumbers.

Light-Metal Alloys

Aluminum and magnesium, with densities of
2.7 and 1.75 g/cm?3), respectively, are the bases
for most of the light-metal alloys. Titanium (4.5
g/cm?) may also be regarded as a light-metal
alloy if comparisons are made with metals such
as steel and copper. Aluminum and magnesium
must be hardened to receive extensive applica-
tion. Age-hardening processes are used for this
purpose. Typical alloys are 90% Al-10% Mg,
95% Al-5% Cu, and 90% Mg—10% Al. Ternary
(three element) and more complex alloys are
very important light-metal alloys because of
their better properties. The Al-Zn—Mg system
of alloys, used extensively in aircraft applica-
tions, is a prime example of one such alloy
system.

Low-Expansion Alloys

This group of alloys includes Invar (64%
Fe-36% Ni), the dimensions of which do not
vary over the atmospheric temperature range. It
has special applications in watches and other
temperature-sensitive devices. Glass-to-metal
seals for electronic and related devices require
a matching of the thermal-expansion character-
istics of the two materials. Kovar (54% Fe—-29%
Ni—17% Co) is widely used because its expan-
sion is low enough to match that of glass.




Magpnetic Alloys

Soft and hard magnetic materials involve two
distinct categories of alloys. The former con-
sists of materials used for magnetic cores of
transformers and motors, and must be magne-
tized and demagnetized easily. For AC applica-
tions, silicon—ferrite is commonly used. This is
an alloy of iron containing as much as 5% sil-
icon. The silicon has little influence on the mag-
netic properties of the iron, but it increases the
electric resistance appreciably and thereby
decreases the core loss by induced currents. A
higher magnetic permeability, and therefore
greater transformer efficiency, is achieved if
these silicon steels are grain-oriented so that the
crystal axes are closely aligned with the mag-
netic field. Permalloy (78.5% Ni—-21.5% Fe) and
some comparable cobalt-base alloys have very
high permeabilities at low field strengths, and
thus are used in the communications industry.
Ceramic ferrites, although not strictly alloys, are
widely used in high-frequency applications
because of their low electrical conductivity and
negligible induced energy losses in the magnetic
field. Permanent or hard magnets may be made
from steels that are mechanically hardened,
either by deformation or by quenching. Some
precipitation-hardening, iron-base alloys are
widely used for magnets. Typical of these are
the Alnicos, for example, Alnico-4 (55%
Fe—28% Ni—12% Al-5% Co). Since these alloys
cannot be forged, they must be produced in the
form of castings. Hard magnets are being pro-
duced from alloys of cobalt and the rare earth
type of metals. The compound RCos, where R
is samarium (Sm), lanthanum (La), cerium (Ce),
and so on, has extremely high coercivity.

Precious-Metal Alloys

In addition to their use in coins and jewelry,
precious metals such as silver, gold, and the
heavier platinum (Pt) metals are used exten-
sively in electrical devices in which contact
resistances must remain low, in catalytic appli-
cations to aid chemical reactions, and in tem-
perature-measuring devices such as resistance
thermometers and thermocouples. The unit of
alloy impurity is commonly expressed in karats,
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when each karat is !/24 part. The most common
precious-metal alloy is sterling silver (92.5%
Ag, with the remainder being unspecified, but
usually copper). The copper is very beneficial
in that it makes the alloy harder and stronger
than pure silver. Yellow gold is an Au—Ag—Cu
alloy with approximately a 2:1:1 ratio. White
gold is an alloy that ranges from 10 to 18 karats,
the remainder being additions of nickel, silver,
or zinc, which change the color from yellow to
white. The alloy 87% platinum—13% rhodium
(Rh), when joined with pure platinum, provides
a widely used thermocouple for temperature
measurements in the 1830 to 3000°F (1000 to
1650°C) temperature range.

Shape Memory Alloys

These alloys have a very interesting and desir-
able property. In a typical case, a metallic object
of a given shape is cooled from a given tem-
perature T,, to a lower temperature T,, where it
is deformed to change its shape. Upon reheating
from T, to T, the shape change accomplished
at T, is recovered so that the object returns to
its original configuration. This thermoelastic
property of the shape memory alloys is associ-
ated with the fact that they undergo a marten-
sitic phase transformation (that is, a reversible
change in crystal structure that does not involve
diffusion) when they are cooled or heated
between T, and T,.

For a number of years the shape memory
materials were essentially scientific curiosities.
Among the first alloys shown to possess these
properties was one of gold alloyed with 47.5%
cadmium. Considerable attention has been
given to an alloy of nickel and titanium known
as Nitinol. The interest in shape memory alloys
has increased because it has been realized that
these alloys are capable of being employed in
a number of useful applications. One example
is for thermostats; another is for couplings on
hydraulic lines or electrical circuits. The ther-
moelastic properties can also be used, at least
in principle, to construct heat engines that will
operate over a small temperature differential
and will thus be of interest in the area of energy
conversion.



Thermocouple Alloys

These include Chromel, containing 90% Ni and
10% Cr, and Alumel, containing 94% Ni, 2%
Al, 3% Cr, and 1% Si. These two alloys
together form the widely wused
Chromel-Alumel thermocouple, which can
measure temperatures up to 2200°F (1204°C).
Another common thermocouple alloy is Con-
stantan, consisting of 45% Ni and 55% Cu. It
is used to form iron-Constantan and copper-
Constantan couples, used at lower tempera-
tures. For precise temperature measurements
and for measuring temperatures up to 3000°F
(1650°C), thermocouples are used in which one
metal is platinum and the other metal is plati-
num plus either 10 or 13% rhodium.

Prosthetic Alloys

Prosthetic alloys are alloys used in internal
prostheses, that is, surgical implants such as
artificial hips and knees. External prostheses are
devices that are worn by patients outside the
body; alloy selection criteria are different from
those for internal prostheses. In the United
States, surgeons use about 250,000 artificial
hips and knees and about 30,000 dental
implants per year.

Alloy selection criteria for surgical
implants can be stringent primarily because of
biomechanical and chemical aspects of the ser-
vice environment. Mechanically, the properties
and shape of an implant must meet anticipated
functional demands; for example, hip joint
replacements are routinely subjected to cyclic
forces that can be several times body weight.
Therefore, intrinsic mechanical properties of an
alloy, for example, elastic modulus, yield
strength, fatigue strength, ultimate tensile
strength, and wear resistance, must all be con-
sidered. Similarly, because the pH and ionic
conditions within a living organism define a
relatively hostile corrosion environment for
metals, corrosion properties are an important
consideration. Corrosion must be avoided not
only because of alloy deterioration but also
because of the possible physiological effects of
harmful or even cytotoxic corrosion products
that may be released into the body. (Study of
the biological effects of biomaterials is a broad
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subject in itself, often referred to as biocom-
patibility.) The corrosion resistance of all mod-
ern alloys stems primarily from strongly adher-
ent and passivating surface oxides, such as TiO,
on titanium-based alloys and Cr,O; on cobalt-
base alloys.

The most widely used prosthetic alloys
therefore include high-strength, corrosion-
resistant ferrous, cobalt-base, or titanium-base
alloys. Examples include cold-worked stainless
steel; cast Vitallium, a wrought alloy of cobalt,
nickel, chromium, molybdenum, and titanium;
titanium alloyed with aluminum and vanadium;
and commercial-purity titanium. Specifications
for nominal alloy compositions are designated
by the American Society for Testing and Mate-
rials (ASTM).

Prosthetic alloys have a range of properties.
Some are easier than others to fabricate into the
complicated shapes dictated by anatomical con-
straints. Fabrication techniques include invest-
ment casting (solidifying molten metal in a
mold), forging (forming metal by deformation),
machining (forming by machine-shop pro-
cesses, including computer-aided design and
manufacturing), and hot isostatic pressing
(compacting fine powders of alloy into desired
shapes under heat and pressure). Cobalt-base
alloys are difficult to machine and are therefore
usually made by casting or hot isostatic press-
ing. Some newer implant designs are porous
coated; that is, they are made from the standard
ASTM alloys but are coated with alloy beads
or mesh applied to the surface by sintering or
other methods. The rationale for such coatings
is implant fixation by bone ingrowth.

Some alloys are modified by nitriding or
ion-implantation of surface layers of enhanced
surface properties. A key point is that prosthetic
alloys of identical composition can differ sub-
stantially in terms of structure and properties,
depending on fabrication history. For example,
the fatigue strength approximately triples for
hot isostatically pressing vs. as-cast Co—Cr—Mo
alloy, primarily because of a much smaller grain
size in the microstructure of the former.

No single alloy is vastly superior to all oth-
ers; existing prosthetic alloys have all been used
in successful and, indeed, unsuccessful implant
designs. Alloy selection is only one determinant
of performance of the implanted device.




Superconducting Alloys

Superconductors are materials that have zero
resistance to the flow of electric current at low
temperatures. There are more than 6000 ele-
ments, alloys, and compounds that are known
superconductors. This remarkable property of
zero resistance offers unprecedented technolog-
ical advances such as the generation of intense
magnetic fields. Realization of these new tech-
nologies requires development of specifically
designed superconducting alloys and composite
conductors. An alloy of niobium and titanium
(NbTi) has a great number of applications in
superconductivity; it becomes superconducting
at 9.5 K (critical superconducting temperature,
T.). This alloy is preferred because of its duc-
tility and its ability to carry large amounts of
current at high magnetic fields, represented by
J.(H) (where J, is the critical current and H is
a given magnetic field), and still retain its super-
conducting properties. Brittle compounds with
intrinsically superior superconducting proper-
ties are also being developed for magnet appli-
cations. The most promising of these are com-
pounds of niobium and strontium (Nb;Sn),
vanadium and gallium (V;Ga), niobium and
germanium (Nb;Ge), and niobium and alumi-
num (Nb;Al), which have higher 7, (15 to 23 K)
and higher J,(H) than NbTi.

Superconducting materials possess other
unique properties such as magnetic flux quan-
tization and magnetic-field-modulated super-
current flow between two slightly separated
superconductors.

These properties form the basis for elec-
tronic applications of superconductivity such as
high-speed computers or ultrasensitive magne-
tometers. Development of these applications
began using lead or niobium (7, of 7 and 9 K)
in bulk form, but the emphasis then was trans-
ferred to materials deposited in thin-film form.
Pbln and PbAu alloys are more desirable than
pure lead films, as they are more stable.
Improved vacuum deposition systems eventu-
ally led to the use of pure niobium films as they,
in turn, were more stable than lead alloy films.
Advances in thin-film synthesis techniques led
to the use of the refractory compound niobium
nitride (NbN) in electronic applications. This
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compound is very stable and possesses a higher
T, (15 K) than either lead or niobium.

Novel high-temperature superconducting
materials have revolutionary impact on super-
conductivity and its applications. These mate-
rials are ceramic, copper-oxide-based materials
that contain at least four and as many as six
elements. Typical examples are yttrium—bar-
ium—copper—oxygen (7. 93 K), bismuth—stron-
tium—calcium—copper—oxygen (7, 110K), and
thallium-barium—calcium—copper (7, 125 K).
These materials become superconducting at
such high temperatures that refrigeration is sim-
pler, more dependable, and less expensive.
Much research and development has been done
to improve the technologically important prop-
erties such as J,(H), chemical and mechanical
stability, and device-compatible processing
procedures. It is anticipated that the new com-
pounds will have a significant impact in the
growing field of superconductivity.

ALLOY STRUCTURES

Metals in actual commercial use are almost
exclusively alloys, and not pure metals, since it
is possible for the designer to realize an exten-
sive variety of physical properties in the product
by varying the metallic composition of the alloy.
As a case in point, commercially pure or cast
iron is very brittle because of the small amount
of carbon impurity always present, whereas the
steels are much more ductile, with greater
strength and better corrosion properties. In gen-
eral, the highly purified single crystal of a metal
is very soft and malleable, with high electrical
conductivity, whereas the alloy is usually harder
and may have a much lower conductivity. The
conductivity will vary with the degree of order
of the alloy, and the hardness will vary with the
particular heat treatment used.

The basic knowledge of structural proper-
ties of alloys is still in large part empirical, and
indeed, it will probably never be possible to
derive formulas that will predict which metals
to mix in a certain proportion and with a certain
heat treatment to yield a specified property or
set of properties. However, a set of rules exists
that describes the qualitative behavior of certain
groups of alloys. These rules are statements



concerning the relative sizes of constituent
atoms, for alloy formation, and concerning
what kinds of phases to expect in terms of the
valence of the constituent atoms. The rules were
discovered in a strictly empirical way, and for
the most part, the present theoretical under-
standing of alloys consists of rudimentary the-
ories that describe how the rules arise from the
basic principles of physics. These rules were
proposed by W. Hume-Rothery concerning the
binary substitutional alloys and phase diagrams.

ALLYLICS
(DIALLYL PHTHALATE
PLASTICS)

Allylics are thermosetting materials developed
since World War II. The most important of these
are diallyl phthalate (DAP) and diallyl iso-
phthalate (DAIP), which are currently available
in the form of monomers and prepolymers (res-
ins). Both DAP and DAIP are readily converted
to thermoset molding compounds and resins for
preimpregnated glass cloth and paper. Allyls are
also used as cross-linking agents for unsatur-
ated polyesters.

DAP resin is the first all-allylic polymer
commercially available as a dry, free-flowing
white powder. Chemically, DAP is a relatively
linear partially polymerized resin that softens
and flows under heat and pressure (as in mold-
ing and laminating), and cross-links to a three-
dimensional insoluble thermoset resin during
curing.

PROPERTIES

In preparing the resin, DAP is polymerized to
a point where almost all the change in specific
gravity has taken place. Final cure, therefore,
produces very little additional shrinkage. In
fact, DAP is cured by polymerization without
water formation. The molded material, depend-
ing on the filler, has a tensile strength from 30
to 48 MPa, a compressive strength up to 210
MPa, a Rockwell hardness to M108, dielectric
strength to 16.9 x 10% V/m, and heat resistance
to 232°C.

Allylic resins enjoy certain specific advan-
tages over other plastics, which make them of
interest in various special applications. Allylics
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exhibit superior electrical properties under
severe temperature and humidity conditions.
These good electrical properties (insulation
resistance, low loss factor, arc resistance, etc.)
are retained despite repeated exposure to high
heat and humidity. DAP resin is resistant to 155
to 180°C temperatures, and the DAIP resin is
good for continuous exposures up to 206 to
232°C temperatures. Allylic resins exhibit excel-
lent post-mold dimensional stability, low mois-
ture absorption, good resistance to solvents,
acids, alkalis, weathering, and wet and dry abra-
sion. They are chemically stable, have good sur-
face finish, mold well around metal inserts and
can be formulated in pastel colors with excellent
color retention at high temperatures.

DAP resin currently finds major use in
(1) molding and (2) industrial and decorative
laminates. Both applications utilize the desir-
able combination of low shrinkage, absence of
volatiles, and superior electrical and physical
properties common to DAP.

MoibING COMPOUNDS

Compounds based on allyl prepolymers are
reinforced with fibers (glass, polyester, or
acrylic) and filled with particulate materials to
improve properties. Glass fiber imparts maxi-
mum mechanical properties, acrylic fiber pro-
vides the best electrical properties, and polyes-
ter fiber improves impact resistance and
strength in thin sections. Compounds can be
made in a wide range of colors because the resin
is essentially colorless; see Table A.6.

Prepregs (preimpregnated glass cloth) based
on allyl prepolymers can be formulated for short
cure cycles. They contain no toxic additives, and
they offer long storage stability and ease of han-
dling and fabrication. Properties such as flame
resistance can be incorporated. The allyl pre-
polymers contribute excellent chemical resis-
tance and good electrical properties.

Other molding powders are compounded of
DAP resin, DAP monomer, and various fillers
like asbestos, Orlon, Dacron, cellulose, glass,
and other fibers. Inert fillers used include
ground quartz and clays, calcium carbonate,
and talc.

Allyl moldings have low mold shrinkage
and post-mold shrinkage — attributed to their




TABLE A.6
Properties of DAP Molding Compounds
Filler
ASTM Arc-Track
Test Property Polyester Long Glass Short Glass Resistant
Physical
D792 Specific gravity 1.39-1.42 1.70-1.90 1.6-1.8 1.87
D792 Specific volume (in.%/1b) 19.96-19.54 17.90-16.32 17.34-15.42 14.84
D570 Water absorption, 24 h, 0.2 0.05-0.2 0.05-0.2 0.14
1/8-in. thk (%)
Mechanical
D638 Tensile strength (psi) 5,000 9,000 7,000 7,000-10,000
D790 Flexural strength (psi) 11,500-12,500 18,000 16,000 24,000
D790 Flexural modulus (10° psi) 6.4 16 17 19
D256 Impact strength, Izod 4.5-12 6.0 0.8 3.6
(ft-1b/in. of notch)
D785 Hardness, Rockwell M 108 105-110 105-110 112
Thermal
C177 Thermal conductivity — 14-16 14-15 15-17
(10~ cal-cm/s-cm?-°C)
D696 Coefficient of thermal — 2.0-3.0 2.0-3.0 23-27
expansion (107 in./in.-°C)
D648 Deflection temperature (°F)
At 264 psi 290 450 420 >572
Electrical
D149 Dielectric strength, (V/mil)
Step by step, 1/8-in. thk 400 385 400 400
D150 Dielectric constant
At 1 kHz 0.008 0.004-0.006 0.006 0.003-0.008
D150 Dissipation factor
At 1 kHz 3.6 4.2 4.4 4.14.5
D257 Volume resistivity (ohm-cm)
At 73°F, 50% RH 2-3 x 10" 2-3 x 10" 2-3 x 10" 10'¢
D495 Arc resistance (s) 125 140 135 125-180
Frictional
— Coefficient of friction Stat/Dyn
Self — — 0.14/0.13 —
Against steel — — 0.20/0.19 —

Source: Mach. Design Basics Eng. Design, June, p. 680, 1993. With permission.

nearly complete addition reaction in the mold
— and have excellent stability under prolonged
or cyclic heat exposure. Advantages of allyl
systems over polyesters are freedom from sty-
rene odor low toxicity, low evaporation losses
during evacuation cycles, no subsequent oozing
or bleed-out, and long-term retention of electri-
cal-insulation characteristics.
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APPLICATIONS

Uses of such DAP molding compounds are
largely for electrical and electronic parts, con-
nectors, resistors, panels, switches, and insula-
tors. Other applications for molding com-
pounds include appliance handles, control
knobs, dinnerware, and cooking equipment.



Decorative laminates containing DAP resin
can be made from glass cloth (or other woven
and nonwoven materials), glass mat, or paper.
Such laminates may be bonded directly to a
variety of rigid surfaces at lower pressures (50
to 300 psi) than generally required for other
plastic laminates. A short hot-to-hot cycle is
employed, and press platens are always held at
curing temperatures. DAP laminates can, there-
fore, be used to give a permanent finish to high-
grade wood veneers (with a clear overlay sheet)
or to upgrade low-cost core materials (by means
of a patterned sheet).

Allyl prepolymers are particularly suited
for critical electronic components that serve in
severe environmental conditions. Chemical
inertness qualifies the resins for molded pump
impellers and other chemical-processing equip-
ment. Their ability to withstand steam environ-
ments permits uses in sterilizing and hot-water
equipment. Because of their excellent flow
characteristics, DAP compounds are used for
parts requiring extreme dimensional accuracy.
Modified resin systems are used for encapsula-
tion of electronic devices such as semiconduc-
tors and as sealants for metal castings.

A major application area for allyl com-
pounds is electrical connectors, used in com-
munications, computer, and aerospace systems.
The high thermal resistance of these materials
permits their use in vapor-phase soldering oper-
ations. Uses for prepolymers include arc-track-
resistant compounds for switchgear and televi-
sion components. Other representative uses are
for insulators, encapsulating shells, potentiom-
eter components, circuit boards, junction boxes,
and housings.

DAP and DAIP prepregs are used to make
lightweight, intricate parts such as radomes,
printed-circuit boards, tubing, ducting, and air-
craft parts. Another use is in copper-clad lami-
nates for high-performance printed-circuit
boards.

ALUMINA

The oxide of aluminum is Al,O,. The natural
crystalline mineral is called corundum, but the
synthetic crystals used for abrasives are desig-
nated usually as aluminum oxide or marketed
under trade names. For other uses and as a
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powder it is generally called alumina. It is
widely distributed in nature in combination
with silica and other minerals, and is an impor-
tant constituent of the clays for making porce-
lain, bricks, pottery, and refractories.

The crushed and graded crystals of alumina
when pure are nearly colorless, but the fine
powder is white. Off colors are due to impuri-
ties. American aluminum oxide used for abra-
sives is at least 99.5% pure, in nearly colorless
crystals melting at 2050°C. The chief uses for
alumina are for the production of aluminum
metal and for abrasives, but it is also used for
ceramics, refractories, pigments, catalyst carri-
ers, and in chemicals.

Aluminum oxide crystals are normally hex-
agonal, and are minute in size. For abrasives,
the grain sizes are usually from 100 to 600
mesh. The larger grain sizes are made up of
many crystals, unlike the single-crystal large
grains of SiC. The specific gravity is about 3.95,
and the hardness is up to 2000 Knoop.

There are two kinds of ultrafine alumina
abrasive powder. Type A is alpha alumina with
hexagonal crystals with particle size of 0.3 um,
density 4.0, and hardness 9 Mohs, and Type B
is gamma alumina with cubic crystals with par-
ticle size under 0.1 pm, specific gravity of 3.6,
and a hardness 8. Type A cuts faster, but Type
B gives a finer finish. At high temperatures
gamma alumina transforms to the alpha crystal.
The aluminum oxide most frequently used for
refractories is the beta alumina in hexagonal
crystals heat-stabilized with sodium.

Activated alumina is partly dehydrated alu-
mina trihydrate, which has a strong affinity for
moisture or gases and is used for dehydrating
organic solvents, and hydrated alumina is alu-
mina trihydrate.

Al O, - 3H,0 is used as a catalyst carrier.

Activated alumina F-1 is a porous form of
alumina, Al,O;, used for drying gases or liquids
and is also used as a catalyst for many chemical
processes.

Alumina ceramics are the most widely used
oxide-type ceramic, chiefly because Al,O; is
plentiful, relatively low in cost, and equal to or
better than most oxides in mechanical proper-
ties. Density can be varied over a wide range,
as can purity — down to about 90% AL,O; —
to meet specific application requirements.




Al,O; ceramics are the hardest, strongest, and
stiffest of the oxides. They are also outstanding
in electrical resistivity and dielectric strength,
are resistant to a wide variety of chemicals, and
are unaffected by air, water vapor, and sulfu-
rous atmospheres. However, with a melting
point of only 2037°C, they are relatively low
in refractoriness, and at 1371°C retain only
about 10% of room-temperature strength.
Besides wide use as electrical insulators and
chemical and aerospace applications, the high
hardness and close dimensional tolerance capa-
bility of alumina make this ceramic suitable for
such abrasion-resistant parts as textile guides,
pump plungers, chute linings, discharge ori-
fices, dies, and bearings.

Alumina Al-200, which is used for high-
frequency insulators, gives a molded product
with a tensile strength of 172 MPa, compressive
strength of 2000 MPa, and specific gravity of
3.36. The coefficient of thermal expansion is
half that of steel, and the hardness about that
of sapphire. Alumina AD-995 is a dense vac-
uum-tight ceramic for high-temperature elec-
tronic use. It is 99.5% Al,O; with no SiO,. The
hardness is Rockwell N80, and dielectric con-
stant 9.27. The maximum working temperature
is 1760°C, and at 1093°C it has a flexural
strength of 200 MPa.

Other alumina products have found their
way in the casting of hollow jet engine cores.
These cores are then incorporated in molds into
which eutectic superalloys are poured to form
the turbine blades.

Alumina balls are available in sizes from
0.6 to 1.9 cm for reactor and catalytic beds.
They are usually 99% alumina, with high resis-
tance to heat and chemicals. Alumina fibers in
the form of short linear crystals, called sapphire
whiskers, have high strength up to 1375 MPa
for use as a filler in plastics to increase heat
resistance and dielectric properties. Continuous
single-crystal sapphire (alumina filaments) have
unusual physical properties: high tensile
strength (over 2069 MPa) and modulus of elas-
ticity of 448.2 to 482.7 GPa. The filaments are
especially needed for use in metal composites
at elevated temperatures and in highly corrosive
environments. An unusual method for produc-
ing single-crystal fibers in lieu of a crystal grow-
ing machine is the floating zone fiber-drawing
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process. The fibers are produced directly from
a molten ceramic without using a crucible.

FP, a polycrystalline alumina (Al,O,) fiber,
has been developed. The material has greater
than 99% purity, and a melting point of 2045°C,
which makes it attractive for use with high-
temperature metal-matrix composite (MMC)
processing techniques. Thanks to a mechanism,
currently not explainable by the developer of
FP fibers (Du Pont), a silica coating results in
an increase in the tensile strength of the fila-
ments to 1896 MPa even though the coating is
approximately 0.25 um thick and the modulus
does not change. Fiber FP has been demon-
strated as a reinforcement in magnesium, alu-
minum, lead, copper, and zinc, with emphasis
to date on aluminum and magnesium materials.

Fumed alumina powder of submicrometer
size is made by flame reduction of aluminum
chloride. It is used in coatings and for plastics
reinforcement and in the production of ferrite
ceramic magnets.

Aluminum oxide film, or alumina film, used
as a supporting material in ionizing tubes, is a
strong, transparent sheet made by oxidizing alu-
minum foil, rubbing off the oxide on one side,
and dissolving the foil in an acid solution to
leave the oxide film on the other side. It is
transparent to electrons. Alumina bubble brick
is a lightweight refractory brick for kiln lining,
made by passing molten alumina in front of an
airjet, producing small hollow bubbles which
are then pressed into bricks and shapes.

The foam has a density of 448.5 kg/m? and
porosity of 85%. The thermal conductivity at
1093°C is 0.002 W/(cm?)(°C).

ALUMINIDES

True metals include the alkali and alkaline earth
metals, beryllium, magnesium, copper, silver,
gold, and the transition elements. These metals
exhibit those characteristics generally associ-
ated with the metallic state.

The B subgroups comprise the remaining
metallic elements. These elements exhibit com-
plex structures and significant departures from
typically metallic properties. Aluminum,
although considered under the B subgroup met-
als, is somewhat anomalous in that it exhibits
many characteristics of a true metal.



The alloys of a true metal and a B subgroup
element are very complex, because their com-
ponents differ electrochemically. This differ-
ence gives rise to a stronger tendency toward
definite chemical combination than to solid
solution. Discrete geometrically ordered struc-
tures usually result. Such alloys are also termed
electron compounds. The aluminides are phases
in such alloys or compounds. A substantial
number of beta, gamma, and epsilon phases
have been observed in electron compounds, but
few have been isolated and evaluated.

The development of intermetallic alloys
into useful and practical structural materials
remains, despite recent successes, a major sci-
entific and engineering challenge. As with
many new and advanced materials, hope and
the promise of major breakthroughs in the near
future have kept a very active and resilient frac-
tion of the metallurgical community focused on
intermetallic alloys.

Compared to conventional aerospace mate-
rials, aluminides of titanium, nickel, iron, nio-
bium, etc., with various compositions offer
attractive properties for potential structural
applications. The combination of good high-
temperature strength and creep capability,
improved high-temperature environmental
resistance, and relatively low density makes this
general class of materials good candidates to
replace more conventional titanium alloys and,
in some instances, nickel-base superalloys.
Moreover, titanium aluminide matrix compos-
ites appear to have the potential to surpass the
monolithic titanium aluminides in a number of
important property areas, and fabrication into
composite form may be a partial solution to
some of the current shortcomings attributed to
monolithic titanium aluminides.

The material classes include both mono-
lithic and continuous fiber composite materials
based on the intermetallic composition Ti;Al
(0,-phase) and monolithic alloys based on the
intermetallic composition TiAl (y-phase). In
their monolithic form, and as a matrix material
for continuous fiber composites, titanium alu-
minides are important candidates to fill a need
in the intermediate-temperature regime of 600
to 1000°C. Before these materials can become
flightworthy, however, they must demonstrate

© 2002 by CRC Press LLC

reliable mechanical behavior over the range of
anticipated service conditions.

The B and vy phases that are found to exist
in the Mo—Al alloy system are generally con-
sidered to correspond to the compositions
MoAl; and MoAl,, respectively.

Powder metallurgy techniques have proved
feasible for the production of alloys of molyb-
denum and aluminum, provided care is taken
to employ raw materials of high purity (99% +).
As the temperature of the compact is raised, a
strong exothermic reaction occurs at about
640°C causing a rapid rise in temperature to
above 960°C in a matter of seconds. Bloating
occurs, transforming the compact into a porous
mass. Complete alloying, however, is accom-
plished. This porous, friable mass can be sub-
sequently finely comminuted, repressed, and
sintered (or hot-pressed) to form a useful body
quite uniform in composition. Vacuum sintering
at 1300°C for 1 h at 0.04 um produces clean,
oxide-free metal throughout. Wet comminution
prevents caking of the powder, and a pyrophoric
powder can be produced by prolonged milling.

Hot pressing is a highly successful means
of forming bodies of molybdenum and alumi-
num previously reacted as mentioned above.
Graphite dies are employed to which resistance
heating techniques are applicable. A parting
compound is required since aluminum is
highly reactive with carbon causing sticking to
the die walls.

Hot-pressed small bars exhibit modulus of
rupture strengths ranging from 40,000 to 50,000
psi at room temperature, decreasing to 38,000
to 40,000 psi at 1040°C. Room temperature
resistance to fuming nitric acids is excellent.

As has been recognized for some time,
ordered intermetallic compounds have a number
of properties that make them intrinsically more
appealing than other metallic systems for high-
temperature use. The primary requirements for
high-temperature structural intermetallics, as
with any high-temperature structural material,
are that they (1) have a high melting point, (2)
possess some degree of resistance to environ-
mental degradation, (3) maintain structural and
chemical stability at high temperatures, and (4)
retain high specific mechanical properties at ele-
vated temperatures whether they are intended as



monolithic components or as reinforcing fibers
or matrix in composite structures.

Melting point is a useful first approximation
of the high-temperature performance of a mate-
rial, as various high-temperature mechanical
properties (e.g., strength and creep resistance)
are limited by thermally assisted or diffusional
processes and thus tend to scale with the melt-
ing point of the material. Therefore, the inter-
metallics can be crudely ranked in terms of their
melting points to indicate their future applica-
bility as high-temperature structural materials.

As may be seen in Figure A.2, metallic
materials (intermetallics or otherwise) that are
currently in use or being studied melt at tem-
peratures much lower than 1650°C. If these
materials are discounted from consideration,
the remaining intermetallics in Figure A.2 may
be roughly divided into two groups: those that
fall in the temperature range just above 1650°C
and those whose melting points extend to much
higher temperatures.

7 HfRe,
3000 —

m -
2
@ -
(\5"/ 2500 Re, Zr
s -
2 i IrsZr
[0]
o -
§
= - ZrRu
g 2000 —
= Nbg Al
E —

| HfAI

Cry, Nb
71 Nb,Bey; .
| ZrBe,s HfAl, ,NiAl
1500 T'Per TIAI
Supelloys and NI Al (1300 - 1400)

FIGURE A.2 Melting points of various intermetallic
compounds relative to superalloys. (From Schwartz, M.,
Emerging Technology, Technomics, 19. With permission.)
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This second group of intermetallic com-
pounds (IMCs) belongs to a group of interme-
tallics that are predicted on the basis of the
Engel-Brewer phase stability theory.

There are several techniques that have
been developed and used to improve the tough-
ness of intermetallics as well as intermetallic
compounds:

¢ Crystal structure modification (macro-
alloying)

* Microalloying

* Control of grain size or shape

* Reinforcement by ductile fibers or
particles

» Control of substructure

Table A.7 includes the above major catego-
ries, however, the use of hydrostatic pressure and
suppression of environment should also be cited.

Additions of chromium and manganese
have induced appreciable compressive ductility
and modest improvements in bend ductility of
AL;Ti, but significant tensile ductility remains
unattainable.

The fracture toughness of Ti;Al alloys also
can be markedly improved by a control of com-
position, microstructure, and processing tech-
niques. However, the maximum benefits are
obtained at about 400°C.

Microstructural control has proved to be a
particularly effective means of ductilizing TiAl
and Ti;AlL It is now generally accepted that
lamellar microstructures in TiAl, consisting of
alternating y- and o.,-plates, provide the highest
ductility.

The interest in aluminides has covered the
high-melting-point phases in metallic systems
with aluminum.

Ordered intermetallics constitute a unique
class of metallic materials that form long-range-
ordered crystal structures (Figure A.3) below a
critical temperature that is generally referred to
as the critical ordering temperature (7). These
intermetallics usually exist in relatively narrow
compositional ranges around simple stoichio-
metric ratios.

The search for new high-temperature struc-
tural materials has stimulated much interest in
ordered intermetallics. Recent interest has been



TABLE A.7
Toughness and Ductility
Improvements

Microalloying
B in Ni;Al, Ni;Si, PdIn
Be in Ni;Al
Fe, Mo, Ga in NiAl
Ag in Ni;Al
Macroalloying
Fe in Co,V
Mn, V, Cr in TiAl
Nb in Ti;Al
Mn, Cr in AL;Ti
Pd in Ni;Al
Grain Size Refinement
NiAl
Hydrostatic Pressure
Ni;Al
Martensite Transformation
Fe in NiAl
Composites (Fibers or Tubes)
NiAl/304SS
Al;Ta/AlL O,
MoSi,/Nb-1Zr
Composites (Ductile Particles)
Nb in TiAl
Fe, Mn in Ni;Al
Nb in MoSi,

Source: Schwartz, M., Emerging Technol-
0gy, Technomics. With permission.

focused on aluminides of nickel, iron, and tita-
nium. These aluminides possess many
attributes that make them attractive for high-
temperature structural applications. They con-
tain enough aluminum to form, in oxidizing
environments, thin films of aluminide oxides
that often are compact and protective. They
have low densities, relatively high melting
points, and good high-temperature strength
properties. For example, Ni;Al shows an
increase rather than a decrease in yield strength
with increasing temperatures. The aluminides
of interest are described in Table A.8.

In the range of 14 to 34% aluminum by
weight occur the two intermetallic phases Ni;Al
and NiAl. The alloys are prepared by powder
metallurgy and by casting techniques. Com-
pacts of NiAl + 5% Ni, produced by powder
techniques, exhibit room-temperature modulus
of rupture values of 144,000 psi, and heat shock
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FIGURE A.3 The crystal structure of nickel and
iron aluminides: (a) LI, (b) B,, (c) DO;. (From
Schwartz, M., Emerging Technology, Technomics,
19. With permission.)

resistance is considered excellent. Good resis-
tance to red and white fuming nitric acids is
obtained.

The cast alloys of nickel and aluminum
exhibit an increasing exothermic character with
increasing aluminum content. Alloys with the
exception of the 34% aluminum alloy and NiAl
(31.5% Al) produce sound castings free of
excessive porosity. A room-temperature tensile
strength of approximately 49,000 psi is exhib-
ited by the Ni;Al compound with about 5%




TABLE A.8
Properties of Nickel and Iron Aluminides
Critical
Ordering Temp.
Alloy Crystal Structure? °C)
Ni;Al L1, (ordered fcc) 1390
NiAl B2 (ordered bcc) 1640
Fe,;Al DO, (ordered bcce) 540
B2 (ordered bcc) 760
FeAl B2 (ordered bcc) 1250

2 fcc = face-centered cubic; bce = body-centered cubic.

Melting Material Young's
Point Density Modulus
O (g/cm3) (Gpa)
1390 7.50 178
1640 5.86 294
1540 6.72 141
1540
1250 5.56 260

Source: Schwartz, M., Emerging Technology, Technomics. With permission.

elongation. The 25% Al (NiAl) alloy has a
room temperature tensile strength of 24,000
psi.

The 17.5% aluminum alloy that contained
a mixture of the phases Ni;Al and NiAl exhibits
the best strength properties. Room-temperature
tensile strength is approximately 80,000 psi
with about 2% elongation, while at 815°C the
tensile strength is about 50,000 psi. This alloy
can be rolled at 1315°C, and possesses good
thermal shock and oxidation resistance. Impact
resistance is fair. The 100-h stress-to-rupture
strength at 734°C is 14,000 psi, but, it should
be noted, creep rates are high.

Ni;Al is an intermetallic phase that forms
at the nickel-rich end of the Ni—Al system and
has a crystal structure (Figure A.3). Ni,Al is the
most important strengthening constituent of
nickel-base superalloys. This is because the alu-
minide possesses an excellent elevated-temper-
ature strength in addition to good oxidation
resistance. Unlike conventional materials,
Ni;Al and its alloys show a yield anomaly; that
is, its yield strength increases rather than
decreases with increasing temperature.

Boron has been found to be most effective
in improving the tensile ductility of Ni;Al
(<25% aluminum) tested in air at room temper-
ature. Other tests indicate that boron-doped
Ni;Al is not sensitive to test environment at
room temperature.

Boron-free Ni;Al (24% Al) showed a duc-
tility of only 8.2% in dry O, while boron-doped
Ni;Al exhibited 42.8%. This suggests that boron
segregation also enhances the grain-boundary
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cohesion in Ni;Al. In addition to boron, iron,
chromium, and zirconium appear to enhance the
grain-boundary properties and improve the ten-
sile ductility of Ni;Al at room temperature.

The mechanical properties of NijAl
strongly depend on deviation from alloy stoi-
chiometry (i.e., aluminum/nickel ratio) and ter-
nary alloying additions. The aluminide is capa-
ble of dissolving substantial alloying additions
without forming second phases; as a result, its
deformation and fracture behavior can be
strongly altered by alloying.

Mechanical and metallurgical properties of
Ni;Al can be improved by alloying additions.
Recent alloy design efforts have led to the
development of Ni;Al-base alloys with the fol-
lowing composition range (in atomic percent)
for structural use at elevated temperatures in
hostile environments: Ni—(14 to 18%) Al—(6 to
9%) Cr—(1 to 4%) Mo—(0.01 to 1.5%)
Zr/Hf—(0.01 to 0.20%) boron.

NiAl containing more than about 41 at%
forms a single-phase ordered B2 structure
based on the body centered cubic (bcc) lattice
(Figure A.3). In terms of thermophysical prop-
erties, B2 NiAl offers more potential for high-
temperature structural applications than LI
NiAl It has a higher melting point (1638°C),
a substantially lower density (5.86 g/cm?),
and a distinctly higher thermal conductivity,
76 W/(m x K), at ambient temperatures. In
addition, NiAl has excellent oxidation resis-
tance at high temperatures.

The structural use of NiAl suffers from two
major drawbacks: poor fracture resistance at



ambient temperatures and low strength and
creep resistance at elevated temperatures. Sin-
gle crystals of NiAl are quite ductile in com-
pression, but both single-crystal and polycrys-
talline NiAl appear to be brittle in tension at
ambient temperatures.

Because of the potential use of NiAl at high
temperatures, considerable effort has been
devoted to understanding brittle fracture and
improving mechanical properties of NiAl dur-
ing the past years.

The room-temperature tensile ductility of
NiAl is increased from 1% to as high as 6% by
adding about 0.2 at% iron. The ductility
decreases sharply when the iron content is
beyond 0.4 at%. A similar effect has been
observed for molybdenum and gallium.

In addition to its widespread popularity as
a model system for the basic understanding of
a broad range of physical and mechanical prop-
erties, NiAl is a material with several potential
engineering applications. Coatings currently
comprise the principal engineering use of NiAl
and NiAl-base alloys, and several other poten-
tial applications are in different stages of
research and development.

APPLICATIONS
Coatings

NiAl is the basis of a family of oxidation- and
corrosion-resistant coatings that have been used
on nickel-base and cobalt-base superalloys over
the past 30 years. NiAl coatings 25 to 100 mm
thick are typically applied by a pack cementa-
tion process.

Both inward diffusion and outward diffu-
sion coatings have been applied. The mecha-
nisms of coating degradation include a deple-
tion due to spallation and reaction with the
substrate. A variety of alloying additions, most
notably chromium and yttrium, have been
applied to improve performance in thermal
cycling and hot corrosion.

Turbine Blades and Vanes

The advantages associated with NiAl as a can-
didate structural material in advanced gas tur-
bine engines include a 30% reduction in density
over current nickel-base superalloys, good
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intrinsic environmental resistance, a thermal
conductivity three to eight times larger than
nickel-base superalloys (for improved cooling
efficiency), and a melting temperature that is
approximately 128°C higher than superalloys
(for higher operating temperatures).

The processing, fabrication, and engineer-
ing design of NiAl, along with an understanding
and improvement in impact properties, will also
provide significant technical challenges that
must be overcome before NiAl can be success-
fully employed as a structural material that may
compete with current nickel-base superalloys.
It is important to point out that a single crystal
approach is crucial to obtaining a balance of
both room-temperature ductility and high-tem-
perature strength. Although NiAl-base compos-
ites may provide an alternative avenue to bal-
anced properties, this approach is still in its
infancy.

Electronic Applications

NiAl is an attractive material for metallizations
on III-V semiconductors, and is also a critical
component in complex “metal”/ III-V semi-
conductor heterostructures, such as enhanced-
barrier Schottky contacts and semiconductor-
clad metallic quantum wells. The characteris-
tics that make NiAl an attractive candidate
include a good lattice parameter match with
several semiconductors (for epitaxy), chemical
stability, good electrical conductivity, and a sta-
ble native oxide that allows patterning in air
without destroying electrical continuity. An
NiAl layer 3.3 mm thick is currently the thin-
nest independently contacted electrode in any
solid-state device.

Among the alloys currently being consid-
ered as replacements for superalloys in high-
temperature applications, some of the most
promising are the intermetallic compounds in
the Nb—Al system. The three compounds NbAl,,
Nb,Al and Nb;Al have melting temperatures in
excess of many candidate replacement materials
and densities that are superior to or competitive
with those materials. Furthermore, the crystal
structures, although complex, are reasonably
well understood. In addition to these physical
properties, there is a distinct processing consid-
eration that leads to heightened interest in this




system. The compounds of the Nb—Al system
represent the highest melting temperature alloys
that can be processed using currently active
superalloy techniques, i.e., the various vacuum
and hearth melting techniques.

The intermetallic compounds of the Nb—Al
system, when systematically viewed as a whole,
demonstrate both an orderly progression of
high-temperature properties and a great deal of
promise for future applications. Vickers micro-
hardness as a function of temperature proceeds
from NbAIl;, which is inferior to Ni;Al, to
Nb,Al, which is the highest-melting-tempera-
ture compound with a temperature superiority
of about 600°C over Ni;Al

Iron aluminides based on Fe;Al and FeAl
(Figure A.3) have excellent oxidation and cor-
rosion resistance because they are capable of
forming protective oxide scales at elevated tem-
peratures in hostile environments. These alu-
minides exhibit corrosion rates lower than those
of promising iron-based alloys (including coat-
ing material) by a couple orders of magnitude
when tested in a severe sulfidizing environment
at 800°C. The major drawbacks of the alu-
minides are their poor ductility and brittle frac-
ture at ambient temperatures and poor strength
and creep resistance above 600°C.

Iron aluminides have been known to be brit-
tle at room temperature for more than 50 years;
however, the major cause of their low ductility
and brittle fracture was not identified until
recently. The study of the environmental effect
on tensile properties indicates that the poor duc-
tility commonly observed in air tests is caused
mainly by an extrinsic effect — environmental
embrittlement.

The understanding of the cause of brittle-
ness in iron aluminides has led to new direc-
tions in the design of ductile iron aluminide
alloys. The schemes used to improve the duc-
tility of Fe;Al-FeAl alloys include control of
surface conditions, reduction of hydrogen sol-
ubility and diffusion by alloy additions, refine-
ment of grain structure by thermomechanical
treatment, enhancement of grain-boundary
cohesion by microalloying, and control of grain
shape and recrystallization condition. The duc-
tile Fe;Al alloys show a distinctly high yield
strength and a high ductility of 13 to 16% when
tested in air at room temperature. Similarly,
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FeAl (35.8 at% Al) alloys show an increase in
room-temperature ductility from 2 to 11% as a
result of alloying additions (zirconium, molyb-
denum, and boron) and grain-structure refine-
ment. This ductility further increased to 14%
by formation of protective oxide scales on spec-
imen surfaces through preoxidation at 700°C.
The room-temperature ductility of Fe;Al and
FeAl can be significantly improved by refining
grain structure via powder extrusion with or
without second-phase particles (such as TiB,).
The strength of Fe;Al and FeAl alloys at ele-
vated temperatures can be improved by alloying
with molybdenum, zirconium, niobium, tita-
nium, and TiB,.

Gamma alloys of titanium aluminide can be
grouped into single-phase (y)-alloys and two-
phase (o, + y)-alloys (Table A.9). Single-phase
alloys attracted attention initially because of
their excellent resistance to environmental
attack (e.g., oxidation and hydrogen absorp-
tion). In spite of a lack of progress toward over-
coming their poor ductility and fracture tough-
ness, however, interest in these engineering
alloys has not diminished. Gamma titanium alu-
minide alloys of importance are thus two-phase
alloys based on Ti -(45 to 49%) Al with appro-
priate combinations of alloying elements from
these groups designated X,, X,, and X;. (The
footnotes in Table A.9 list the symbols of ele-
ments comprising the three groups.) The group
X, elements increase ductility in two-phase
alloys. For example, an addition of 1 to 3 at%
V, Cr, Cr+ Mn, or V + Cr to Ti-48Al nearly

TABLE A.9
Compositions of Multicomponent
Gamma Titanium Aluminide Alloys

Alloy Class Compositions (at%)

Single phase® Ti-(50-52)Al-(1-2)X,
Ti-(44-49)Al-(113)X,-

(1-4)X,-(0.1-1)X,

Two phase®

2 X, =W, Nb, Ta.
> X, =V, Mn, Cr; X, = Nb, Ta, W, Mo; X, = Si, C, B,
N, P, Se, Te, Ni, Mo, Fe.

Source: Schwartz, M., Emerging Technology, Technom-
ics. With permission.




doubles the room-temperature ductility of the
material.

Additions from either group X, or X, ele-
ments strengthen the alloys by solid solution
strengthening, with chromium appearing to be
the most effective and manganese the least.

The group X, elements are known to reduce
oxidation resistance of gamma alloys. The X,
elements do not increase the ductility of the
Ti—48Al-base alloys; however, they are very
effective in improving oxidation resistance.
Such improvements in both oxidation resis-
tance and solid solution strengthening are two
reasons almost all multicomponent alloys
developed to date contain at least 2 at% nio-
bium. Small additions of the group X, elements
have various effects wherein carbon and N, are
known to improve creep resistance, silicon,
boron, nickel, and iron decrease the melt vis-
cosity, and silicon may yield some improve-
ments in oxidation resistance and room-temper-
ature ductility. Minor additions of phosphorus,
selenium, or terbium have recently been shown
to result in remarkedly increased oxidation
resistance.

PROCESSING OF GAMMA ALLOYS

Gamma alloys may be processed by:

* Casting

* Ingot metallurgy (IM)

* Powder metallurgy (P/M)
* Sheet-forming

The XD™ process for producing gamma
alloys containing TiB,, can be classified sepa-
rately, although the XD alloys are produced by
either the casting process or the ingot metal-
lurgy process. Each process can involve one or
more routes. Figure A.4 is a flowchart for typical
processing methods and their specific routes.

The conventional method of producing foils
from brittle materials was chemical milling.
This approach involves suspending hot-rolled
and surface-ground 0.050-mm-thick plates of
the material in a pickling bath, and dissolving
the metal until the plates are about 0.015 mm
thick. For ¥-TiAl, the chemical milling tech-
nique yields a poor surface finish on the foil.
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FIGURE A.4 Typical processing routes for gamma
titanium aluminite alloys. HIP = hot isostatic press-
ing, HP = hot pressing, and NNS = near-net-shape.
(From Schwartz, M., Emerging Technology, Tech-
nomics, 19. With permission.)

Engineers knew that the y-TiAl, while brit-
tle in tension, accepts high compression strains
without failing. So they designed a new “iso-
baric” rolling mill to maintain triaxial compres-
sion on the material as it passes through the
rolls. This proprietary process increases yield
from the original ingot to around 50%, and
provides thinner (0.03 to 0.05 mm) foils with
smaller grains. As a result, isobaric cold rolling
is a breakthrough technology. A cold-rolled and
annealed y-Ti-48-2-2 strip has a hardness of 260
H, (Vickers).

Other processing methods include the self-
propagating high-temperature synthesis (SHS)
process, which starts with a structure of alternat-
ing layers of pure metal sheets or foils (e.g., iron,
nickel, or titanium) and aluminum sheets or foils.
The ductile metal layers are formed into the
desired shape, either before or during the SHS
reaction. The SHS reaction is initiated by heating
in a vacuum. When the system reaches the initi-
ation temperature (typically less than 660°C,
the melting point of aluminum), an SHS reac-
tion begins at the metal interface, i.e., between
the aluminum and the iron, nickel, or titanium
metals. The heat generated from the reaction
melts the aluminum allowing rapid reaction
with adjacent metal layers. That is, the SHS
reaction occurs between the elemental metals
producing well-bonded layers of unreacted ele-
mental metal and metal-aluminum intermetal-
lics. In this technique, the aluminum completely
reacts, forming a titanium—aluminide—titanium,



a nickel-aluminide—nickel, or an iron-alu-
minide—iron layered composite structure.

A second technique takes elemental powder
mixtures that are placed between layers of an
elemental metal foil or sheet, after which the
entire layup is heated under pressure in a vac-
uum. Starting powders have been iron, nickel,
or titanium mixed with aluminum. Starting ele-
mental metal sheets have been titanium, nickel,
or iron.

CoMBINING P/M (EXTRUSION),
RoLLING, AND SPF
(SuPERPLASTIC FORMING)

A mixture of titanium and 34 wt% aluminum,
i.e., 48 at%, was prepared by blending commer-
cially available elemental powders with a max-
imum grain size of 100 mm compacted at room
temperature in a uniaxial pressing machine to
billets of 50 mm in diameter.

Titanium aluminide foils were produced
using a combination of a standard P/M tech-
nique (extrusion), aluminum technology (roll-
ing), and advanced titanium technology (SPF
device). Claims have been made that since these
techniques were available on a large scale, it
should be possible to produce titanium alu-
minide foils in production.

A series of low-pressure turbine blades fab-
ricated from titanium aluminide was success-
fully tested and this development could eventu-
ally result in reducing the weight of aviation
gas turbines by hundreds of pounds. 49%
Ti-47% Al-2% Cr-2% Nb blades, which have
about half the weight of comparable compo-
nents made from conventional nickel-base
alloys, were run in the fifth low-pressure turbine
stage of a CF6-80C2 power plant and during
the tests the blades went through 1000 flight
cycles. Compared with traditional nickel-base
alloys, the material has half the density and is
comparable in strength up to about 760°C. The
titanium aluminide also is about 50% stiffer
than conventional titanium alloys. If used in the
low-pressure section of new aircraft engines as
blade material, the titanium aluminide could cut
engine weight by more than 136.01 kg.

The 98 blades used in the tests weighed
217 g. Comparable nickel alloy components
weigh 383 g. In an ideal situation, the lighter
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blades would also allow turbine wheels to be
lighter and less robust because the reduced-
weight blades create lower stresses during oper-
ation. The titanium aluminide alloy used to fab-
ricate the blades were solid airfoils and were
cast using conventional foundry techniques.

Future IM DEVELOPMENTS

New titanium aluminide alloys, stronger and
tougher than conventional o,(Ti;Al) materials,
are based on the ordered orthorhombic-phase
Ti;AIND (Ti-25 at% Al-25 at% Nb).

The materials are potential weight-saving
alternatives to nickel-base superalloys in rela-
tively low temperature (650°C) aircraft gas-tur-
bine engine applications. Several examples
include exhaust-nozzle structures, compressor
casings, and various compressor components;
while the density of Ti;AlNb-base alloys (and
other titanium aluminides) is less than two
thirds that of nickel-base superalloys, such as
Alloy 718, the lower weight can be translated
into higher thrust-to-weight ratios or gains in
fuel efficiency.

Of two new alloys, the Ti—22% Al-27% Nb
has the best combination of high-temperature
strength and room-temperature ductility and
fracture toughness. The alloy is much stronger
than conventional o, titanium aluminides such
as Ti-24% Al-11% Nb and Ti-25% Al-10%
Nb-3% V-1 % Mo. It also has a higher strength-
to-weight ratio, even though it is slightly denser.
For example, Ti—22% Al-27% Nb has a factor-
of-two advantage in strength-to-weight ratio
over Ti-25% Al-10% Nb—-3% V-1% Mo, an o.,-
alloy, from room temperature to 650°C. Fracture
toughness (K,,) of Ti-22% Al-27% Nb averages
about 28 MPa m'?, which is higher than those
of the o,-alloys Ti—25% Al-10% Nb-3% V-1%
Mo (K,, = 14 MPa m'?) and Ti-24% Al-17%
Nb-1% Mo (19 MPa m'?). Creep behavior of
the Ti;AINb-base alloy is competitive with
lower toughness titanium aluminides that have
been optimized for creep resistance.

ALUMINUM

Called aluminium in England, aluminum is a
white metal with a bluish tinge (symbol Al,
atomic weight 26.97), obtained chiefly from



bauxite. It is the most widely distributed of the
elements next to O, and silicon, occurring in
all common clays. Aluminum metal is pro-
duced by first extracting alumina (aluminum
oxide) from the bauxite by a chemical process.
The alumina is then dissolved in a molten elec-
trolyte, and an electric current is passed
through it, causing the metallic aluminum to
be deposited on the cathode. The metal was
discovered in 1727, but was obtained only in
small amounts until it was reduced electrolyt-
ically in 1885.

Pure (99.99%) aluminum has a specific
gravity of 2.70 or a density of 2685 kg/m3, a
melting point of 660°C, electrical and thermal
conductivities about two thirds that of copper,
and a tensile modulus of elasticity of 62,000
MPa. The metal is nonmagnetic, highly reflec-
tive, and has a face-centered cubic (fcc) crystal
structure. Soft and ductile in the annealed
condition, it is readily cold-worked to moderate
strength. It resists corrosion in many environ-
ments as the result of the presence of a thin
aluminum oxide film.

Iron, silicon, and copper are the principal
impurities in commercially pure aluminum,
wrought products containing at least 99% alu-
minum and a foil product containing at least
99.99%. Such unalloyed aluminum is available
in a wide variety of mill forms and constitutes
the aluminum 1XXX series in the designation
system for wrought aluminum and aluminum
alloys. Annealed sheet is quite ductile — 35 to
45% tensile elongation — but weak, having a
tensile yield strength of 27 to 35 MPa. Cold
reduction of 75% increases yield strength to
124 to 166 MPa. Thus, the unalloyed metal is
used far more for its electrical, thermal, corro-
sion-resistant, and cosmetic characteristics than
for its mechanical properties. Applications
include electrical and thermal conductors,
capacitor electrodes, heat exchangers, chemical
equipment, packaging foil, heat and light reflec-
tors, and decorative trim.

Aluminum flake enhances the reflectance
and durability of paints. Aluminum powder is
used for powder-metal parts. Aluminum pow-
der and aluminum paste are used in catalysts,
soaps, explosives, fuels, and thermite welding.
Aluminum shot is used to deoxidize steel, and
aluminum foam, made by foaming the metal
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with zirconium hydride or other hydrides, is
an effective core material for lightweight
structures.

Anodized aluminum is aluminum with a
hard aluminum oxide surface imparted electro-
Iytically using the metal as the anode. The coat-
ing, which is much thicker than the naturally
formed aluminum oxide film, provides addi-
tional corrosion and weathering resistance in
certain environments, but is generally no more
protective in acidic or alkaline solutions outside
the 4 to 8.5 pH range. The coating is noncon-
ductive, wear resistant, and can be produced in
various colors, thus enhancing decorative
appeal. Whereas the naturally formed oxide
film is less than a millionth of an inch thick,
anodized coatings range from 0.005 to 0.008
mm for bright auto trim to as much as 0.030
mm for architectural applications.

ALUMINUM ALLOYS

Alloying aluminum with various elements
markedly improves mechanical properties,
strength primarily, at only a slight sacrifice in
density, thus increasing specific strength, or
strength-to-weight ratio. Traditionally, wrought
alloys have been produced by thermomechani-
cally processing cast ingot into mill products
such as billet, bar, plate, sheet, extrusions, and
wire. For some alloys, however, such mill prod-
ucts are now made by similarly processing
“ingot” consolidated from powder. Such alloys
are called PM (powder metal) wrought alloys
or simply PM alloys. To distinguish the tradi-
tional type from these, they are now sometimes
referred to as ingot-metallurgy (IM) alloys or
ingot-cast alloys. Another class of PM alloys
are those used to make PM parts by pressing
and sintering the powder to near-net shape.
There are also many cast alloys. All told, there
are about 100 commercial aluminum alloys.
There are two principal kinds of wrought
alloys: (1) heat-treatable alloys — those
strengthened primarily by solution heat treat-
ment or solution heat treatment and artificially
aging (precipitation hardening), and (2) non-
heat-treatable alloys — those that depend pri-
marily on cold work for strengthening. Alloy
designations are a continuation of the four-digit
system noted for aluminum, followed with a




letter to designate the temper or condition of
the alloy: F (as-fabricated condition), O
(annealed), H (strain-hardened), W (solution
heat-treated and unstable; that is, the alloy is
prone to natural aging in air at room tempera-
ture), and T (heat-treated to a stable condition).
Numerals following T and H designations fur-
ther distinguish between tempers or conditions.
T3, for example, refers to alloys that have been
solution heat-treated, cold-worked, and natu-
rally aged to a substantially stable condition.
T6 denotes alloys that have been solution heat-
treated and artificially aged. H designations are
followed by two or three digits. The first (1, 2,
or 3) indicates a specific sequence of operations
applied. The second (1 to 8) refers to the degree
of strain hardening (the higher the number, the
greater the amount of strain, or hardening, 8
corresponding to the amount induced by a cold
reduction of about 75%). The third (1 to 9)
further distinguishes between mill treatments
(Table A.10).

The aluminum alloy 2XXX series is char-
acterized by copper (2.3 to 6.3%) as the prin-
cipal alloying element. Most of these alloys also
contain lesser amounts of magnesium and man-
ganese and some may contain small amounts
of other ingredients, such as iron, nickel, tita-
nium, vanadium, zinc, and zirconium. 2XXX
alloys are strengthened mainly by solution heat
treatment, sometimes by solution heat treat-
ment and artificial aging. Among the more com-
mon, especially for structural aircraft applica-
tions, are aluminum alloys 2014, 2024, and
2219, which can be heat-treated to tensile yield
strengths in the range of 276 to 414 MPa. A
recently developed alloy for auto body panels
is aluminum alloy 2036, which in the T4 temper
provides a tensile yield strength of about 195
MPa. Aluminum alloy 2XXX series is not as
corrosion resistant as other aluminum alloys
and thus is often clad with a thin layer of essen-
tially pure aluminum or a more corrosion-resis-
tant aluminum alloy, especially for aircraft
applications.

Manganese (0.5 to 1.2%) is the distinguish-
ing alloying element in the aluminum alloy
3XXX series. Aluminum alloy 3003 also con-
tains 0.12% copper. Aluminum alloys 3004 and
3105 also contain 1 and 0.5% magnesium,
respectively. Strengthened by strain hardening,
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3XXX alloys provide maximum tensile yield
strengths in the range of 186 to 248 MPa and
are used for chemical equipment, storage tanks,
cooking utensils, furniture, builders’ hardware,
and residential siding.

The aluminum alloy 4XXX series is char-
acterized by the addition of silicon: about 12%),
for example, in aluminum alloy 4032 and 5%
in aluminum alloy 4043. Aluminum alloy 4032,
which also contains 1% magnesium and almost
as much copper and nickel, is heat-treatable,
providing a tensile yield strength of about 315
MPa in the T6 temper. This, combined with its
high wear resistance and low thermal expansiv-
ity, has made it popular for forged engine pis-
tons. Aluminum alloy 4043, which is alloyed
only with silicon, is a strain-hardenable alloy
used for welding rod and wire. Some Al-Si
alloys are also used for brazing, others for archi-
tectural applications. Their appeal for architec-
tural use stems from the dark gray color they
develop in anodizing.

The principal alloying element in the alu-
minum alloy 5XXX series is magnesium, which
may range from about 1 to 5%, and is often
combined with lesser amounts of manganese
and/or chromium. Like 3XXX alloys, the
5XXX are hardenable only by strain hardening
and all are available in a wide variety of H
tempers. Tensile yield strengths range from less
than 69 MPa in the annealed condition to more
than 276 MPa in highly strained conditions.
Aluminum alloys 5083, 5154, 5454, and 5456
are widely used for welded structures, pressure
vessels, and storage tanks, others for more gen-
eral applications, such as appliances, cooking
utensils, builders’ hardware, residential siding,
auto panels and trim, cable sheathing, and
hydraulic tubing.

The aluminum alloy 6XXX series is char-
acterized by modest additions (0.4 to 1.4%) of
silicon and magnesium and can be strengthened
by heat treatment. Except for auto sheet alumi-
num alloys 6009 and 6010, which are typically
supplied and used in the T4 temper, the alloys
are strengthened by solution heat treatment and
artificial aging. As a class, these alloys are inter-
mediate in strength to aluminum alloy 2XXX
and aluminum alloy 7XXX but provide good
overall fabricability. The auto sheet alloys are
relatively new. More traditional among the



TABLE A.10
Aluminum Wrought Alloys

1100 2011 2014 2024

Desi ion

2036

2219

3003

3004

5052

5083

6061

6066

5

Temper o H18 T3 T8 O T6 o T4

Yield strength 5 22 43 45 14 60 11 47
(10% psi)

Tensile 13 24 55 59 27 70 27 68
strength
(10% psi)

Shear strength 9 13 32 35 18 42 18 41
(10° psi)

Fatigue limit 5 9 18 18 13 18 13 20
(10° psi)

Elongation in 45 15 15 12 18 13 22 19
2 in. (%)

Modulus of
elasticity
(10° psi)

Melting
temperature
(°F)

10.0 10.0 10.2 10.2 10.6 10.6 10.6 10.3

1,190-
1,215

1,190-
1,215

1,005—
1,190

1,005—
1,190

945-
1,080

945-
1,080

935
1,180

935
1,180

Coefficient of
thermal
expansion

(10~in./in.-
°F)

Thermal
conductivity

(Btu-in./h-ft>-
°F)

Electrical
resistivity

(Ohm-cir 18 18 27 23 21 26 21 35
mil/ft)

13.1 12.7 12.7 12.8 12.8 129 129

1,540 1,510 1,050 1,190 1,340 1,070 1,340 840

Source: Mach. Design Basics Eng. Design, June, p. 54-55, 1993. With permission.

T4
28

49

30

24

10.6

1,030-
1,200

13.0

1,100

25

[¢]
11

25

10.6

1,010-
1,190

12.4

1,190

24

T62
4

60

1,010-
1,190

12.4

35

40

10.0

1,190—
1,210

129

1,340

21

H18
27

29

10.0

12.9

26

1,190-
1,210

1,070

25

10.0

1,165—
1,210

133

1,130

25

H38
36

41

21

10.0

1,165—
1,210

133

1,130

25

30

10.2

1,125-
1,200

13.2

960

30

H38
37

42

24

20

10.2

1,125-
1,200

960

30

21

42

25

22

10.3

1,095—
1,180

810

36

H321
33

46

23

10.3

1,095—
1,180

132

o

30

10.0

1,080-
1,205

13.1

1,250

22

T6
40

45

10.0

1,080-
1,205

13.1

1,160

24

10.0

1,045-
1,195

12.9

1,070

26

T6
52

57

34

10.0

1,045
1,195

129

1,020

28

6262

T9
55

58

35

10.0

1,080—
1,205

1,190

24

7050 7075
T74 T6
70 73
81 83
45 48
21 23
10 11
10.3 10.4
910-  890-
1,165 1,175
12.8 13.1
1,092 900
35 31
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dozen or so alloys of this kind are aluminum
alloy 6061, which is used for truck, marine, and
railroad-car structures, pipelines, and furniture,
and aluminum alloy 6063 for furniture, railings,
and architectural applications. Other applica-
tions include complex forgings, high-strength
conductors, and screw-machine products.

Zinc is the major alloying element in the
aluminum alloy 7XXX series, and it is usually
combined with magnesium for strengthening by
heat treatment. An exception is aluminum alloy
7072, which is alloyed only with 1% zinc, is
hardenable by strain hardening, and is used for
fin stock or as a clad for other aluminum alloys.
The other alloys, such as aluminum alloys 7005,
7049, 7050, 7072, 7075, 7175, 7178, and 7475,
contain 4.5 to 7.6% Zn, 1.4 to 2.7 Mg, and, in
some cases, may also include copper, magne-
sium, silicon, titanium, or zirconium. These
heat-treatable alloys are the strongest of alumi-
num alloys, with tensile yield strengths of some
exceeding 483 MPa in the T6 temper. They are
widely used for high-strength structures, prima-
rily in aircraft.

CAST ALUMINUM ALLOYS

Of some 40 or so standard casting alloys, 10
are aluminum die-casting alloys. The others are
aluminum sand-casting alloys and/or aluminum
permanent-mold-casting alloys. Some of the

latter also are used for plaster-mold casting,
investment casting, and centrifugal casting.
Although the die-casting alloys are not nor-
mally heat-treated, those for sand and/or per-
manent-mold casting often are, usually by solu-
tion heat treatment and artificial aging. Both
heat-treatable and non-heat-treatable alloys are
available. The heat-treatable alloys, which can
be solution heat-treated and aged similar to
wrought heat-treatable grades, carry the temper
designations T2, T4, TS, T6, or T7. Die castings
are seldom solution heat-treated because of the
danger of blistering.

Table A.11 shows the nominal composi-
tions of several important casting alloys. The
major alloying addition is silicon, which
improves the castability of aluminum and pro-
vides moderate strength. Other elements are
added primarily to increase the tensile strength.
Most die castings are made of alloy 413.0 or
380.0. Alloy 443.0 has been very popular in
architectural work, and 355.0 and 356.0 are the
principal alloys for sand casting. Number 390.0
is employed for die-cast automotive engine cyl-
inder blocks, and alloy F332.0 is used for pis-
tons for internal combustion engines.

Casting alloys are significant users of sec-
ondary metal (recovered from scrap for reuse).
Thus, casting alloys usually contain minor
amounts of a variety of elements; these do no

TABLE A.11

Nominal Composition and Casting Procedure for Common

Aluminum Casting Alloys

Alloy Form?
413.0 D
B 443.0° B,C
F 332.0° C
355.0 B, C
356.0 B,C
380.0 D
390.0 C,D

Si Cu Mg
12 — —
5.3 0.15 max —
9.5 3.0 1.0

5.0 1.3 0.5

7.0 — 0.3

8.5 35 —
17 4.5 0.55

2 B = sand casting; C = permanent mold casting; and D = die casting.
b The letter indicates modifications of alloys of the same general composition or differences

in impurity limits, from alloys having the same four-digit numerical designations.

Source: McGraw-Hill Encyclopedia of Science and Technology, 8th ed., Vol. 1, McGraw-

Hill, New York, 532. With permission.
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harm as long as they are kept within certain
limits. The use of secondary metal is also of
increasing importance in wrought alloy manu-
facturing as producers take steps to reduce the
energy that is required in producing fabricated
aluminum products.

Aluminum alloy 380.0 and its modifications
constitute the bulk of die-casting applications.
Containing 8.5% Si, 3.5% Cu, and as much as
2% Fe, it provides a tensile yield strength of
about 165 MPa, good corrosion resistance, and
is quite fluid and free from hot shortness, and
thus is readily castable. Engine cylinder heads,
typewriter frames, and various housings are
among its applications. Aluminum alloy 390.0,
a high-silicon (17%) Cu—Mg-Zn alloy, is the
strongest of the die-casting alloys, providing a
tensile yield strength of about 240 MPa as cast
and 260 MPa in the TS temper. Like high-sili-
con wrought alloys, it also features low thermal
expansivity and excellent wear resistance. Typ-
ical applications include auto engine cylinder
blocks, brake shoes, compressors, and pumps
requiring abrasion resistance. Aluminum alloys
383.0, 384.0, 413.0, and A413.0 provide the
best die-filling capacity, and have excellent
resistance to hot cracking and die sticking. Alu-
minum alloy 518.0 provides the best corrosion
resistance, machinability, and polishability, but
is more susceptible to hot cracking and die
sticking than the other alloys.

Sand and/or permanent-mold casting
alloys are encompassed in each of the alumi-
num alloy 2XX.X to 8XX.X series. As-cast,
tensile yield strengths range from about 97
MPa for 208.0 to 200 MPa for aluminum alloy
A390.0. In various solution-treated and aged
conditions, several alloys can provide tensile
yield strengths exceeding 280 MPa. Strongest
of the alloys — 415 MPa in the T7 temper and
435 MPa in the T6 — is aluminum alloy 201.0,
which contains 0.7% Ag and 0.25% Ti in addi-
tion to 4.6% Cu and small amounts of magne-
sium and manganese. The T7 temper is sug-
gested for applications requiring stress-
corrosion resistance. Applications for 201.0
include aircraft and ordnance fittings and
housings; engine cylinder heads; and pistons,
pumps, and impellers. Other more commonly
used high-strength alloys are aluminum alloys
354.0, 355.0, and 356.0, which are alloyed
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primarily with silicon, copper, magnesium,
manganese, iron, and zinc, and which are used
for auto and aircraft components. Premium-
quality aluminum-alloy castings are those
guaranteed to meet minimum tensile proper-
ties throughout the casting or in specifically
designated areas.

ALUMINUM-LITHIUM ALLOYS

Aluminum-lithium (Al-Li) alloys are a signif-
icant recent development in high-strength
wrought aluminum alloys. Lithium is the light-
est metal in existence. For each weight percent
of lithium added to aluminum, there is a corre-
sponding decrease of 3% in the weight of the
alloy. Therefore, Al-Li alloys offer the attrac-
tive property of low density. Because of the very
low density of lithium, every 1% of this alkali
metal can provide a 3% reduction in density
and a 10% increase in stiffness-to-density ratio
relative to conventional 2XXX and 7XXX
alloys. Thus, these alloys, such as aluminum
alloys 2090 and 2091 (there are several others,
including proprietary ones), are extremely
promising for future aircraft applications, see
Table A.12. These alloys are comparable in
strength with some of the strongest traditional
alloys. Some are ingot-cast products, others
PM-wrought alloys.

A second beneficial effect of lithium addi-
tions is the increase in elastic modulus (stiff-
ness). Also, as the amount of lithium is
increased, there is a corresponding increase in
strength due to the presence of very small pre-
cipitates that act as strengthening agents to the
aluminum. As the precipitates grow during heat
treatment, the strength increases to a limit, then
begins to decrease. Al-Li alloys therefore come
under the classification of precipitation-
strengthening alloys.

With the exception of the PM alloy AA
5091 in Table A.12, all the current commer-
cially available Al-Li alloys are produced by
direct-chill casting, and require a precipitation-
aging heat treatment to achieve the required
properties. In Al-Li alloys containing greater
than 1.3% (by weight) of lithium, the interme-
tallic phase 8-Al,Li precipitates upon natural or
artificial aging, but the associated strengthening
effect is insufficient to meet the medium or high




TABLE A.12

Aluminum-Lithium Alloys

Product Form Alloy
Sheet AA8090
AA8090
AA8090
Extruded sections (solid AA8090
and hollow)
Die forgings AA8090
AA5091

Temper of End Use Condition
and Definition

T81-Solution treated, quenched,
stretched, and precipitation heat-
treated to an underaged condition

T621-Re-solution treated by the
user, quenched and precipitation
heat-treated to an underaged
condition (same aging time and
temperature as for T81)

T8-Solution treated, quenched,
stretched, and precipitation heat-
treated to a near-peak aged
condition

T8511-Solution treated, quenched,
controlled-stretched, and
precipitation heat-treated to a
near-peak aged condition

T852-Solution treated, quenched,
cold compressed, and
precipitation heat-treated to a
near-peak aged condition

H112—As forged

Property Category

Damage tolerant: low strength but
enhanced toughness and impact
resistance

Re-solution treatment by the user
to promote enhanced formability

Medium strength where some
reduction in toughness and impact
resistance compared to T81 and
T621 can be tolerated

Medium/high strength

Medium/high strength

Medium/high strength but where

cold compression is impractical or
insufficient to achieve properties
if made from AA8090

Source: Adv. Mater. Proc., October, pp. 41-43, 1992. With permission.

strength levels usually required (the damage
tolerant temper in AA 8090 is an exception).

Cold-working operation is a prime require-
ment for IM alloys containing relatively high
levels of lithium, such as AA 8090 or AA 2090,
if optimum medium-strength or high-strength
properties are to be achieved. Cold working is
readily applied to sheet, plate, and extrusions
by stretching, although it must be recognized
that in most cases, this can only be carried out
by the metal manufacturer.

Alloy AA 5091 is made by the PM process
of mechanical alloying (MA). This technology
avoids the limitations arising from the need to
cold-compress alloys AA 8090 and AA 2090 as
forgings, because it is dispersion-strengthened
during manufacture. Through careful selection
of the Al-Li-Mg base composition, a single-
phase solid solution is achieved, and the need
for heat treatment is eliminated.

The MA process is inherently more expen-
sive than direct-chill-casting and is not a
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practical route for producing large rectangular-
section ingots for sheet or plate rolling. How-
ever, it is useful for certain parts in which the
configuration of the forged components would
not allow adequate cold compression to be
achieved in alloys AA 8090 or AA 2090.

PowDER METALLURGY (PM)
ALLOYS

Elements such as iron, cobalt, and nickel have
been added to aluminum in large quantities to
produce alloys that have relatively stable struc-
tures at elevated temperatures and higher elastic
moduli than conventional aluminum alloys.

The PM process is a rapid solidification
process that involves the transformation of
finely divided liquid either in the form of drop-
lets or thin sheets that become solid at high
solidification rates (on the order of 10* K/s).
Solidification occurs as heat is removed from
the molten metal.



TABLE A.13
Properties of Selected Beryllium and Aluminum Aerospace Alloys

Thermal
Elastic Modulus, Density, Conductivity,
Alloy Gpa (Msi) g/cm? (Ib/in.3) W/m-K CTE, ppm/K
AlBeMet 162 200 (29) 2.1 (0.076) 210 139
Al 6061 69 (10) 2.8 (0.101) 170 23.6
Beryllium 300 (44) 1.8 (0.067) 210 11.5
Aluminum-lithium 90 (13) 2.5 (0.092) 120 23.6

Source: Adv. Mater. Proc., October, pp. 37-39, 1997. With permission.

Rapid-solidification-process aluminum
alloys containing iron and cerium appear to
result in alloys that have refined particle-size
distribution and improved high-temperature
stability. These PM alloys appear competitive
with titanium up to 191°C.

Aluminum PM parts are made mainly from
aluminum alloys 201 AB and 601 AB. Both are
copper, silicon, and magnesium compositions
that can be heat-treated to the T4 or T6 tempers
after sintering. 201 AB is the stronger, having
324 MPa tensile yield strength for 95% dense
material in the T6 temper as compared with
about 241 MPa for 601 AB for these conditions.

MECHANICAL ALLOYING (MA)

This process circumvents the limitations of con-
ventional ingot casting. Blends of powders are
mixed in a ball mill. A drum is mounted hori-
zontally and half-filled with steel balls and
blends of elemental metal powders. As the drum
rotates, the balls drop on the metal powder. The
degree of homogeneity of the powder mixture
is determined by the size of the particles in the
mixture.

ALUMINUM—BERYLLIUM ALLOYS
(ALBEMET)

AlBeMetAE is an alloy of aluminum and beryl-
lium. The Al-62Be alloy has the modulus of
steel at 200 GPa, and density of 2.1 g/cm?,
approximately 20% that of steel, which gives a
specific modulus of 950 X 10° cm. Table A.13
shows a comparison of the properties of alumi-
num, beryllium, Al-Li and AlBeMet.
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Powder processing for AlBeMet is well
established. First, inert-gas atomization pro-
duces prealloyed powder. The powder is cold
isostatically pressed to a density of about 80%
of theoretical, then consolidated by extrusion.

The alloy varies from 60-65% Be and
35-40% Al. The alloy is formed by melting
spherical beryllium and aluminum powder and
then is atomized and the metals are mixed. As
the metal mixture cools, an alloy with a matrix-
like structure is formed. The resulting material
is extruded and can be rolled or formed with
hot isostatic pressing. AIBeMet also can be dip-
brazed or welded.

The extruded bar may be fabricated directly
into parts, or cut for cross-rolling into sheet.
Sheet and plate thicknesses of 7.6 mm to
1.6 mm are produced by rolling, followed by
grinding to final gauge. This sheet has essen-
tially isotropic properties in the sheet plane.

A range of applications is made economi-
cally possible by the extrusion process, which
has produced extrusions with diameters up to
25 cm. For example, profiled AlBeMet extru-
sions have been fabricated into computer hard
disk drive arms, with over 1 million parts
machined from extruded bar stock.

AlBeMet is also produced as hot isostati-
cally pressed block. This is quite useful for
prototype parts, and for components in which
strength and ductility are of secondary impor-
tance to stiffness, density, modulus, thermal
conductivity, and thermal expansion. The input
powder for hot isostatic pressing is the same as
that for wrought product manufacture. The pro-
cess is carried out after degassing to remove
adsorbed species such as water vapor.



The physical properties of AlBeMet 162 are
largely independent of processing route. How-
ever, they are critically dependent on the beryl-
lium content of the alloy. Although AlBeMet
162 with 62 wt% Be is the most common com-
position, others can be quite useful. The most
striking physical properties are modulus and
density. The modulus is substantially higher,
and the density is significantly lower than con-
ventional materials such as Al-Li, which is typ-
ically 2.6 g/cm?.

Unlike its physical properties, the mechan-
ical properties of AlBeMet 162 are strongly
dependent upon the processing route.

To meet many of the economic require-
ments imposed by modern designs, net shape
or near-net shape processes are required. Invest-
ment casting has long been recognized as a
process capable of producing parts to near net
shape. However, only recently has the capabil-
ity of investment casting been developed for
Al-Be alloy parts. AlBeCast 910 is the first of
a family of Al-Be investment casting alloys.

The properties of AlBeCast 910 include
0.2% yield strength of 124 MPa, ultimate ten-
sile strength of 180 MPa, and elongation of 3%.

In addition to conventional processes such
as casting and mechanical working, significant
progress has been made in adapting new tech-
nologies to AlIBeMet. The semisolid processing
of Al-Be alloys enables the net shape and high
production capability of permanent mold die
casting for a material whose high melting point
and reactivity preclude conventional die cast-
ing. As a prototype, a sabot from a 30-mm
projectile was semisolid-formed, and the uni-
formity and repeatability of the process was
proved out in a semiproduction run of approx-
imately 2500 parts.

The high modulus-to-density ratio, 3.8
times that of aluminum or steel, minimizes flex-
ure and reduces the chance of mechanically
induced failure. Therefore, AlBeMet plays a
dual role in its avionics applications.

The stiffness, low density, and thermal
characteristics of Al-Be alloys combine to pro-
duce the highest performance brake compo-
nents for the demanding Formula I race car
circuit, specifically the brake caliper from
extrusion. It is the stiffness that is particularly
important in such parts, because excessive
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bending of the caliper leads to reduced braking
efficiency. In addition, the thermal management
characteristics allow higher and more consis-
tent braking performance than possible with
conventional materials.

As a structural material, AlBeMet 162 sheet
is being qualified as the rudder material for
advanced versions of a U.S. Air Force tactical
fighter. In addition, as an essentially isotropic
material, it allows simplified design, reduced
weight, and increased performance.

Space structures also benefit from AlBeMet,
including the OrbComm vehicle. On this satel-
lite, the face sheets for the honeycomb bus (the
circular portion of the structure), the brackets
that hold the bus to the payload, and the long
boom are all fabricated AlBeMet structures.

ALUMINUM—SCANDIUM ALLOYS
(ALSC)

An AlSc-base alloy, Sc7000, has been devel-
oped for use as bicycle frame tubing, shock
absorbers, and handlebars. The alloy is 50%
stronger than aluminum bicycle alloys and
reduces the weight in the bicycle frame by 10
to 12%.

NEw AND SPECIAL ALLOYS

Aluminum alloy 7033-T6 is 50% stronger than
AA 6061-T6 and provides higher fatigue per-
formance. Developed to provide improved frac-
ture toughness for forgings, the alloy offers cor-
rosion and stress-corrosion properties nearly
equal to those of AA 6061-T6, and superior to
those of AA 2014-Té6.

Ultimate tensile strength of AA 7033 in the
longitudinal direction is 517 MPa, vs. 338 MPa
for AA 6061. Fracture toughness in the L-S
orientation is 66 MPa m'2, and in the S-L ori-
entation is 41 MPa m'2. This compares with 36
MPa m!”? in the L-S direction and 36 MPa m!
in the S-L direction for 6061-T6. Close control
of alloy chemistry and processing enables prod-
ucts to develop consistent microstructures with
typical grain size of 100 um or less.

ALUMINUM POwDER

Aluminum powder is produced by drawing a
stream of the molten metal through an atomizing



nozzle and impinging that stream with com-
pressed air or inert gas, solidifying and disin-
tegrating the metal into small particles, which
are then drawn into a collection system and
screened, graded, and packaged. Particle sizes
range from —-325 mesh (fine) to +200 mesh
(granules). In the process, the metal reacts with
oxygen in the air and moisture, causing a thin
film of AL,O; to form on the surface of the
particles. Oxide content, which increases with
decreasing particle size, ranges from 0.1 to
1.0% by weight.

First used to produce aluminum flake by ball
milling for paint pigments, aluminum powder
now finds many other uses: ferrous and nonfer-
rous metals production, P/M parts, P/M-
wrought aluminum alloy mill products, coatings
for steel, asphalt-roof products, spray coatings,
and vacuum metallizing. Other applications
include rocket fuels and explosives, incendiary
bombs, pyrotechnics, signal flares, and heat and
magnetic shields. It is also used in permanent
magnets, high-temperature lubricants, industrial
cements, chalking compounds, printing inks,
and cosmetic and medical products.

AMALGAM

An amalgam is a combination of a metal with
mercury (Hg). The amalgams have the charac-
teristic that when slightly heated they are soft
and easily workable, and they become very hard
when set. They are used for filling where it is
not possible to employ high temperatures.

Dental amalgams are prepared by mixing
mercury with finely divided alloys composed
of varying proportions of silver, tin, and copper.
Amalgams used in dental work require the fol-
lowing composition: Ag, 65% minimum, Cu,
6% maximum, Zn, 2% maximum, and Sn, 1%
minimum.

AMINE

An amine is a member of a group of organic
compounds that can be considered as derived
from ammonia by replacement of one or more
hydrogens by organic radicals. Generally,
amines are bases of widely varying strengths,
but a few that are acidic are known.
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Amines constitute one of the most impor-
tant classes of organic compounds. The lone
pair of electrons on the amine nitrogen enables
amines to participate in a large variety of reac-
tions as a base or a nucleophile. Amines play
prominent roles in vitamins, for example, epi-
nephrine (adrenaline), thiamin or vitamin B,
and Novocaine.

Amines are used to manufacture many
medicinal chemicals, such as sulfa drugs and
anesthetics. The important fiber nylon is an
amine derivative.

Aramids are synthetic fibers produced from
long-chain polyamides (nylons) in which 85%
of the amide linkages are attached directly to
two aromatic rings. The fibers are exceptionally
stable and have good strength, toughness, and
stiffness, which is retained well above 150°C.
Two aramids are Nomex and Kevlar from Du
Pont Co., and Twaron from Akzo NV. They
have high strength, intermediate stiffness, and
are suitable for cables, ropes, webbings, and
tapes. Kevlar 49, with high strength and stiff-
ness, is used for reinforcing plastics. Nomex,
best known for its excellent flame and abrasion
resistance, is used for protective clothing, air
filtration bags, and electrical insulation.

AMINO

Melamine and urea are the principal commer-
cial thermosetting polymers called aminos. The
amino resins are formed by an addition reaction
of formaldehyde and compounds containing
NH, amino groups. They are supplied as liquid
or dry resins and filled molding compounds.
Applying heat in the presence of a catalyst con-
verts the materials into strong, hard products.
Aminos are used as molding compounds, lam-
inating resins, wood adhesives, coatings, wet-
strength paper resins, and textile-treating resins.
Moldings made from amino compounds are
hard, rigid, abrasion resistant, and have high
resistance to deformation under load. They have
excellent electrical insulation characteristics.
Melamines are superior to ureas in resistance
to acids, alkalies, heat, boiling water, and for
applications involving wet/dry cycling.
Melamines and ureas are not resistant to
strong oxidizing acids or strong alkalies, but
they can be used safely with conventional




household chemicals such as naphtha and deter-
gents. They are unaffected by organic solvents
such as acetone, carbon tetrachloride, ethyl
alcohol, heptane, and isopropyl alcohol. Petro-
leum, paraffin hydrocarbons, gasoline, kero-
sene, motor oil, aromatic hydrocarbons, and flu-
orinated hydrocarbons (Freon) have no
apparent effect on urea and melamine moldings.
Dimensional stability is good, but moldings do
swell and shrink slightly in varying moisture
conditions.

AMORPHOUS METALS

Also known as metallic glasses, amorphous
metals are produced by rapid quenching of mol-
ten metal-metalloid alloys, resulting in a non-
crystalline grain-free structure in the form of
ribbon or narrow strips. They are extremely
strong and hard yet reasonably ductile and quite
corrosion resistant. Perhaps of greatest interest
is the magnetic performance of several complex
iron-base compositions, called Metglas.
Because of their very low hysteresis and power
losses, they can markedly reduce the size of
transformer cores traditionally made of silicon
steels. Several nickel-alloy compositions also
are available for use as brazing foils.

ANODIC COATINGS

Anodic oxidation or anodizing is the common
commercial term used to designate the elec-
trolytic treatment of metals in which stable
oxide films or coatings are formed on sur-
faces. Aluminum and magnesium are ano-
dized to the greatest extent on a commercial
basis. Some other metals such as zinc, beryl-
lium, titanium, zirconium and thorium can
also be anodized to form films of varying
thicknesses but they are not used to any large
extent commercially.

ALUMINUM

It is a well-known fact that a thin oxide film
forms on aluminum when it is exposed to the
atmosphere. This thin, tenacious film provides
excellent resistance to corrosion. The ability of
aluminum to form an adherent oxide film led to
the development of electrochemical processes
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to produce thicker and more effective protective
and decorative coatings.

Anodic coatings can be formed on alumi-
num in a wide variety of electrolytes utilizing
either AC or DC current or combinations of
both. Electrolytes of sulfuric, oxalic, and chro-
mic acids are considered to be the most impor-
tant commercially. Other electrolytes such as
borates, citrates, chromates, bisulfates, phos-
phates, and carbonates can also be used for
specialized applications.

Anodic coatings produced in a sulfuric acid
type of electrolyte are generally translucent, can
be produced with a wide range of properties by
varying operating techniques, and have a
greater number of pores that are smaller in
diameter than other anodic coatings.

Coatings obtained by the chromic acid
anodic process are much thinner than those
produced by the sulfuric acid process based
upon the same time of anodic oxidation.
Although the coatings are thin, they provide
high resistance to corrosion because of the
presence of chromium compounds in combina-
tion with their relatively thick barrier layer.
Because the conventional anodic coatings pro-
duced in a chromic acid electrolyte are thin,
they have low resistance to abrasion but a high
degree of flexibility.

The chromic acid anodic process is critical
with respect to alloy composition. In general,
the process is not recommended for aluminum
alloys containing more than 7% Si or 4.5% Cu.
Alloys containing over 7% total alloying ele-
ments are also not recommended. It is difficult
to form films on these alloys, particularly on
casting alloys. Anodic solution (surface attack)
will generally occur unless the processing con-
ditions are controlled very carefully.

On most aluminum alloys, anodic coatings
of this type do not require sealing. However,
sealing in a boiling dichromate or a dilute chro-
mic acid solution produces coatings with the
best resistance to salt spray corrosion on
AA2014-T6 and AA7075-T6 alloys.

Anodic oxidation in dilute oxalic acid solu-
tions produces coatings that are essentially
transparent. Their color varies from a light yel-
low to bronze. Such coatings are dense and have
little absorptive capacity but possess high resis-
tance to abrasion.



Hard Coatings

Procedures have been developed that produce
finishes of greater thickness and density than
the conventional anodic coatings. They have
high resistance to abrasion, erosion, and cor-
rosion. The coatings have thicknesses in the
range of 0.1 to 5 mils, depending upon the
application.

Hard coatings are popular for applications
requiring light weight in combination with high
resistance to wear, erosion, and corrosion.
These applications include helicopter rotor
blade surfaces, pistons, pinions, gears, cams,
cylinders, impellers, turbines, and many others.
Also, due to their attractive gray color, hard
anodic coatings are now being used for archi-
tectural applications.

The processing conditions for obtaining
hard coatings are such that thick coatings with
maximum density can be obtained on most alu-
minum alloys. The selection of alloy is of
utmost importance.

Variations of the anode oxidation process
that produce conventional hard anodic coatings
also form thick, dense, colored anodic coatings
for architectural applications. Attractive bronze,
gray, or black coatings are obtained by utilizing
certain organic acids as electrolytes.

Other Coatings

Utilizing oxalic acid in combination with tita-
nium, zirconium and thorium salts for the elec-
trolyte produces a dense oxide coating that has
an opaque, light-gray appearance.

Anodic oxidation of aluminum in sulfamic
acid produces coatings that are denser than
those produced by the sulfuric acid process.
This anodic process is expensive owing to the
high cost of sulfamic acid.

Alternating current may be used to form
anodic coatings on aluminum and alloys with
all of the electrolytes previously mentioned, but
the aluminum surface is anodic only half of the
cycle so that an oxide coating is formed only
at half the rate of coatings formed with direct
current.

Superimposed AC-DC has also been used
for anodizing and has produced hard, thick,
anodic coatings.
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Alloy Selection

The previous discussion on the anodic oxida-
tion characteristics of various electrolytes was
based upon the use of relatively pure aluminum.
Alloy selection is important. Even aluminum of
99.3% minimum purity, such as the AA1100
alloy, is in a sense an aluminum alloy from the
standpoint of anodic oxidation, because the
other elements present have an effect on the
characteristics of the coating.

The response of the different constituents
of aluminum alloys varies considerably and is
an important factor. Some constituents will be
dissolved by the anodic reaction, whereas oth-
ers may be unaffected. For alloys where the
constituents are dissolved during the anodic
treatment, the coatings will have voids that
decrease the density of the coating and also
lower its resistance to corrosive action and abra-
sion. Al-Cu alloys are an example of this type.

Silicon in Al-Si alloys is an example of a
constituent that is unaffected by conventional
anodic oxidation. The silicon particles remain
unchanged in the coating in their original
position.

Some constituents of aluminum alloys will
themselves oxidize under anodic oxidation and
the oxidation products will color the coating.
For example, constituents such as manganese
will produce a brownish opaque appearance due
to the presence MnO;. Also, chromium as a
constituent will give a yellowish tint to the coat-
ing from oxidation products of chromium.

The lower the concentration of constituents
present or the purer the aluminum, the more
continuous and transparent will be the oxide
coating. The so-called superpurity (99.99%)
aluminum produces the most transparent oxide
coating.

Properties and Applications

The oxide coatings produced by anodizing have
many properties that make them commercially
important. Anodic coatings are essentially
Al,0O;, which is a very hard substance. Because
the Al,O; is integral with the surface it will not
chip or peel from the surface; this outstanding
characteristic is useful for architectural applica-
tions. The combination of high wear resistance




and attractive satin sheen of the finish makes it
a logical choice for aluminum hardware, hand-
rails, moldings, and numerous other architec-
tural components. Because the anodic finish
reproduces the texture of the surface from which
it is formed, a wide variety of attractive effects
are possible by variation in the surface prepara-
tory procedures. Many commercial architectural
applications can use a natural aluminum finish,
but for applications where it is desirable to pre-
serve initial appearance, the anodic finish will
require less maintenance.

Because the oxide coating is brittle com-
pared with the aluminum underneath, it will
crack if the coated article is bent. It is possible,
however, to produce oxide coatings that are rel-
atively flexible. In general, the thicker coatings
formed in sulfuric and oxalic acid electrolytes
will crack or craze to a much greater extent than
oxide coatings formed in a chromic acid elec-
trolyte. For many applications this cracking
may not be objectionable, because it is usually
difficult to detect by visual observation. These
fine cracks have an adverse effect on the bend-
ing properties of the metal, however, and may
sometimes cause fracture if the bends are
severe. For this reason, it is generally recom-
mended that the finish be applied after forming.

If fatigue is a critical factor, then proper
allowance must be made for the reduction in
endurance limits produced by relatively thick
oxide coatings. Fatigue tests indicate that a
coating 0.1 mil thick on smooth surfaces will
have little effect on fatigue strength. Thicker
coatings in the range of 0.3 to 0.5 mil on
smooth surfaces have a slight detrimental effect
at high stresses.

Anodic coatings also provide substantial
protection against corrosion. There are many
factors that must be considered in this connec-
tion such as the continuity of the coating and
the choice of alloy. Since continuity is depen-
dent upon constituents present in the alloy,
anodic coatings on high-purity aluminum are
the most resistant to corrosion. On the other
hand, anodic coatings formed from Al-Cu
alloys have much lower resistance to corrosion.

Sealing of anodic coatings in dichromate
solutions results in an appreciable improve-
ment in resistance to corrosion, particularly by
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chlorides. The results of atmospheric exposure
tests indicate that anodic coatings with a thick-
ness of 0.4 mil or greater will provide greatly
increased resistance to weathering.

The ability of anodic coatings to absorb
coloring substances such as dyestuffs and pig-
ments makes it possible to obtain finishes in a
complete range of colors including black. The
colors are unique because the luster of the
underlying metals gives them a metallic sheen
that is particularly attractive for applications
that simulate metals such as gold, copper,
bronze, and brass. Colorants are available that,
when used to color anodic coatings on the
proper alloys, will reproduce the natural colors
of the metals listed above. Colored finishes can
be used in a wide range of applications for
nameplates, panels, appliance trim, optical
goods, cameras, fishing reels, instruments, gift-
ware, and jewelry.

Anodic coatings have good electrical insu-
lating properties. Anodic films produced in boric
acid electrolytes are used commercially on alu-
minum foil for electrical capacitors. The voltage
necessary to break down the anodic coatings is
generally proportional to the thickness.

Anodic oxidation in oxalic acid and phos-
phoric acid electrolytes produces coatings that
have been successfully used as preparatory
treatments for electroplating. Copper, nickel,
cadmium, silver and iron have been success-
fully deposited over oxide coatings. Plating
solutions that are highly alkaline should be
avoided as they attack the coating and destroy
the porous structure necessary for the best
adhesion.

A “Krome-Alume” process utilizes an
oxalic acid electrolyte to form the oxide coat-
ing, and subsequent modification of the coating
with hydrofluoric acid produces a structure sat-
isfactory for electroplating. Furthermore, the
anodic oxidation process utilizing a phosphoric
acid electrolyte produces a structure that
requires no further modification to condition it
for electroplating. The alloy has an important
effect on coating structure and, in general, the
phosphoric anodic process is not recommended
for preparing high-purity aluminum, Al-Mg
wrought alloys, and most die-casting alloys for
electroplating.



Production Methods

Anodic coatings are applied to aluminum and
its alloys by a variety of methods, including
batch, bulk, continuous conveyor, and continu-
ous strip.

The batch method of applying anodic coat-
ings is similar to that used in electroplating
except that the parts are anodic instead of
cathodic. The continuous conveyor method is
also similar to the conventional plating method.

The bulk method for applying anodic coat-
ings to small parts such as rivets, washers, and
screws is radically different from bulk electro-
plating methods. The barrel-finishing method is
not suitable for applying anodic coatings
because the initial flow of current forms an
anodic coating on the parts and even if they
contact each other during the rotation of the
barrel, no current will flow because the coating
is an insulator. The bulk methods employed for
anodic coatings utilize special perforated non-
metallic cylindrical containers. Pressure,
applied to the parts in the container through a
threaded center contact post, maintains the ini-
tial contact between the surface of the parts.

The continuous strip process has been used
commercially to apply anodic coatings to alu-
minum sheet that is subsequently roll-formed
into weather strip. In Europe, this same process
is used to apply anodic coatings to aluminum
sheet that is formed into food containers such
as sardine cans.

MAGNESIUM

Although all of the magnesium alloys in com-
mercial use today have good resistance to cor-
rosion, many parts are provided with maximum
resistance to corrosion and abrasion through
electrolytic treatments based on anodic treat-
ments. The anodic treatments produce relatively
thick and dense coatings with excellent adhe-
sion and high resistance to corrosion and abra-
sion. As in the case of aluminum, anodic coat-
ings on magnesium alloys are an excellent base
for lacquers and enamels.

It is well known that magnesium alloys
are attacked by most inorganic and organic
acids. However, because magnesium alloys
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are resistant to alkalies, fluorides, borates, and
chromates, the electrolytes for anodizing are
generally based upon these chemicals.

The simplest electrolyte for anodizing
magnesium alloys is a 5% caustic soda solu-
tion. This electrolyte is used in a temperature
range of 60 to 70°C. A voltage of 5 to 6 is
satisfactory; anodic oxidation time is generally
30 min. All magnesium alloys will respond to
this treatment. The coatings produced are
approximately 0.3 mil thick and are essentially
crystalline magnesium hydroxide. They have
relatively high resistance to abrasion and are
gray or tan in color in the as-formed condition.
The coatings may be colored for decorative
applications by immersion in water-soluble
dyestuffs in much the same way as the coloring
procedures used for anodic coatings on alumi-
num alloys. If maximum resistance to corro-
sion is required, immersion (sealing) in a 5%
sodium chromate solution at 77 to 82°C is
recommended.

Another anodizing treatment for magne-
sium alloys capable of producing a coating with
many desirable properties is the “H.A.E.” pro-
cess. This process is also based upon an alkaline
electrolyte. All magnesium alloys, both wrought
and cast, respond to this process to give coatings
with excellent resistance to corrosion, high
dielectric strength, and high hardness.

OTHER METALS

Thin oxide films may be formed on beryllium
by anodic oxidation in an electrolyte composed
of 10% nitric acid containing 200 g/I of chromic
acid. The anodic oxidation is carried out at
approximately 25 A/ft’. Such films retard high
temperature oxidation and corrosion.

Thin oxide films can also be formed on
zirconium, titanium and thorium by anodizing
in an electrolyte composed of 70% glacial ace-
tic and 30% nitric acid. The corrosion resistance
of titanium is substantially improved by ano-
dizing for 10 to 15 min in a 15 to 22% (by
weight) sulfuric acid solution (room tempera-
ture) at approximately 18 V DC. Anodic coat-
ings on titanium are also used as a base for
lubricants.




ZINC

Much of the work on anodic coatings for zinc
has been conducted in alkaline electrolytes con-
sisting of a two-stage process. The electrolyte
for the first oxidation treatment is conducted in
an alkali—carbonate solution followed by ano-
dizing in a silicate solution.

ANTIMONY

Antimony is a bluish-white metal, symbol Sb,
with a crystalline scalelike structure that exhib-
its poor electrical and heat conductivity. It is
brittle and easily reduced to powder. It is neither
malleable nor ductile and is used only in alloys
or in its chemical compounds. Like arsenic and
bismuth, it is sometimes referred to as a metal-
loid, but in mineralogy it is called a semimetal.
The element is available commercially in
99.999+% purity and is finding increasing use
in semiconductor technology.

Antimony is produced either by roasting the
sulfide with iron, or by roasting the sulfide and
reducing the sublimate of Sb,Oy thus produced
with carbon; high-purity antimony is produced
by electrolytic refining. Antimony is one of the
few elements that exhibits the unique property
of expanding on solidification. Antimony is
ordinarily stable and not readily attacked by air
or moisture. Under controlled conditions it will
react with O, to form oxides. The chief uses of
antimony are in alloys, particularly for harden-
ing lead-base alloys.

Antimony imparts hardness and a smooth
surface to soft-metal alloys, and alloys contain-
ing antimony expand on cooling, thus reproduc-
ing the fine details of the mold. This property
makes it valuable for type metals. When alloyed
with lead, tin, and copper, it forms the babbitt
metals used for machinery bearings. It is also
much used in white alloys for pewter utensils.
Its compounds are used widely for pigments.

ARAMID
(AROMATIC POLYAMIDE)

Aramid fibers are characterized by excellent
environmental and thermal stability, static and
dynamic fatigue resistance, and impact resis-
tance. These fibers have the highest specific
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tensile strength (strength/density ratio) of any
commercially available continuous-filament
yarn. Aramid-reinforced thermoplastic com-
posites have excellent wear resistance and

near-isotropic properties — characteristics
not available with glass or carbon-reinforced
composites.

Aramid fiber, trade-named Kevlar, is avail-
able in several grades and property levels for
specific applications. The grade designated sim-
ply as Kevlar is made specifically to reinforce
tires, hoses, and belting, such as V-belts and
conveyor belts.

Kevlar 29 is similar to the basic Kevlar in
properties but is designated specifically for use
in ropes and cables, protective apparel, and as
the substrate for coated fabrics. In short fiber
or pulp form, Kevlar 29 can substitute for asbes-
tos in friction products or gaskets. Fabrics of
Kevlar 29 can be made into bullet-resistant
vests. Clothing made from Kevlar 29 can be as
heat resistant as that made from asbestos and
also be extremely cut resistant.

Kevlar 49 has half the elongation (2.5%)
and twice the modulus (117,885 MPa) of Kevlar
29. Applications are principally in reinforcing
plastic compounds used in lightweight aircraft
boat hulls and sports equipment. Composites
containing Kevlar are also used as interior pan-
els and secondary structural parts, such as fair-
ings and doors on commercial aircraft.

Kevlar 149 is a highly crystalline aramid
that has a modulus of elasticity 40% greater
than that of Kevlar 49 and a specific modulus
nearly equal to that of high-tenacity graphite
fibers. It is used to reinforce composites for
aircraft components.

Nomex aramid fiber is characterized by
excellent high-temperature durability with low
shrinkage. It will self-extinguish and does not
melt, retaining a high percentage of its initial
strength at elevated temperatures. It is avail-
able as continuous-filament yarn, staple, and
tow. Nomex is used in military and civilian
protective apparel, dry gas filtration, rubber
reinforcement, and industrial fabrics. Nomex
aramid fibers are also available as a paper for
use in high-temperature electrical insulation
and in resilient, corrosion-proof honeycomb
core for aerospace and other transportation
applications.



ARC DISCHARGE

Arc discharge is a type of electrical conduction
in gases characterized by high current density
and low potential drop. A typical arc runs at a
voltage drop of 100 V with a current drain of
10 A. The arc has negative resistance — the
voltage drop decreases as the current increases
— s0 a stabilizing resistor or inductor in series
is required to maintain it. The high-temperature
gas rises like a hot-air balloon while it remains
anchored to the current-feeding electrodes at its
ends. It thereby acquires an upward-curving
shape, which accounts for its being called an arc.

There are many applications of such an
intensely hot object. The brilliant arc and the
incandescent carbon adjacent to it form the
standard light source for movie theater projec-
tors. The electronic flash-gun in a camera uses
an intense pulsed arc in xenon gas, simulating
sunlight. Since no solid-state material can with-
stand this temperature for long, the arc is used
industrially for welding steel and other metals.
Alternatively, it can be used for cutting metal
very rapidly. Electric arcs form automatically
when the contacts in electrical switches in
power networks are opened, and much effort
goes into controlling and extinguishing them.
Lightning is an example of a naturally occur-
ring electric arc.

ARGON

A chemical element (symbol Ar), argon is the
third member of the gaseous elements called
the noble, inert, or rare gases, although argon
is not actually rare. The earth’s atmosphere is
the only commercial argon source; however,
traces of the gas are found in minerals and
meteorites.

Argon is colorless, odorless, and tasteless.
The element is a gas under ordinary conditions,
but it can be liquefied, solidified readily, and is
a major industrial gas.

Argon does not form any chemical com-
pounds in the ordinary sense of the word,
although it does form some weakly bonded
clathrate compounds with water, hydroquinone,
and phenol. There is one atom in each molecule
of gaseous argon.
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Most argon is produced in air-separation
plants. Air is liquefied and subjected to frac-
tional distillation. Because the boiling point of
argon is between that of N, and O,, an argon-
rich mixture can be taken from a tray near the
center of the upper distillation column. The
argon-rich mixture is further distilled and then
warmed and catalytically burned with H, to
remove O,. A final distillation removes H, and
N,, yielding a very high purity.

The oldest large-scale use for argon is in
filling electric lightbulbs. Welding and cutting
metal consumes the largest amount of argon.
Metallurgical processing constitutes an impor-
tant application.

Argon and Ar—Kr mixtures are used, along
with a little mercury vapor, to fill fluorescent
lamps. The inert gases make the lamps easier
to start, help to regulate the voltage, and sup-
plement the radiation produced by the excited
mercury vapor.

Argon mixed with a little neon is used to
fill luminous electric-discharge tubes employed
in advertising signs (similar to neon signs)
when a blue or green color is desired instead of
the red color of neon.

Argon is used to fill the space between the
panes of higher-quality double-pane windows,
reducing heat transfer by gaseous conduction
by about 30% compared to air filling.

Argon is also used in gas-filled thyratrons.
Geiger—Miiller radiation counters, ionization
chambers that measure cosmic radiation, and
electron tubes of various kinds. Argon atmo-
spheres are used in dry boxes during manipu-
lation of very reactive chemicals in the labora-
tory and in sealed-package shipments of such
materials. In high-energy physics research, a
tank of liquid argon can form a calorimeter to
detect certain subatomic particles.

AROMATIC
HYDROCARBON

A hydrocarbon with a chemistry similar to
that of benzene. Aromatic hydrocarbons are
either benzenoid or nonbenzenoid. Benzenoid
aromatic hydrocarbons contain one or more
benzene rings and are by far the more com-
mon and the more important commercially.



Nonbenzenoid aromatic hydrocarbons have
carbon rings that are either smaller or larger
than the six-membered benzene ring. Their
importance arises mainly from a theoretical
interest in understanding those structural fea-
tures that impart the property of aromaticity.

Benzenoid aromatic hydrocarbons are also
called arenes. Benzene itself is the prototypical
arene.

ARSENIC

Arsenic (symbol As) is a soft, brittle, poisonous
element of steel-gray color and metallic luster.
In atomic structure it is a semimetal, lacking
plasticity, and is used only in alloys and in
compounds. The bulk of the arsenic used is
employed in insecticides, rat poisons, and weed
killers, but it has many industrial uses, espe-
cially in pigments. It is also used in poison
gases for chemical warfare.

Metallic arsenic is stable in dry air. When
exposed to humid or moistened air, the surface
first becomes coated with a superficial golden
bronze tarnish, which on further exposure turns
black. On heating in air arsenic will vaporize
and burn to As,O;.

Dermatitis can result from handling arseni-
cal compounds; hence, it is desirable to use
impervious gloves or protective creams. The
best preventative for dermatitis is strict personal
hygiene. In areas where arsenical dusts and
fumes are present, effective exhaust ventilation
is necessary, or when impractical, a respirator
should be used.

In the field of electronics, high-purity
arsenic is finding an important use as a constit-
uent of the III-V semiconductor compounds.
The compounds of most interest are indium
arsenide, which may be used for Hall effect
devices, and gallium arsenide used for making
diodes, transistors, and solar cells.

ARTIFICIAL
INTELLIGENCE

Artificial intelligence is the subfield of com-
puter science concerned with understanding
the nature of intelligence and constructing
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computer systems capable of intelligent
action, abbreviated Al. It embodies the dual
means of furthering basic scientific under-
standing and of making computers more
sophisticated in the service of humanity.

Al is primarily concerned with symbolic
representations of knowledge and heuristic
methods of reasoning, that is, using common
assumptions and rules of thumb. Two examples
of problems studied in Al are planning how a
robot, or person, might assemble a complicated
device, or move from one place to another; and
diagnosing the nature of a person’s disease, or
of a machine’s malfunction, from the observ-
able manifestations of the problem. In both
cases, reasoning with symbolic descriptions
predominates over calculating.

ARTIFICIALLY LAYERED
STRUCTURES

Manufactured, reproducibly layered structures
with layer thicknesses approaching interatomic
distances. Modern thin-film techniques are at a
stage at which it is possible to fabricate these
structures, also known as artificial crystals or
superlattices, opening up the possibility of engi-
neering new desirable properties into materials.

These structures serve as model systems
and as a testing ground for theoretical models
and for other naturally occurring materials that
have similar structures. For example, ceramic
superconductors consist of a variable number
of conducting CuO, layers intercalated by var-
ious other oxide layers, and therefore, artifi-
cially layered structures may be used to study
predictions of the behavior of suitably manu-
factured materials of this class.

ASBESTOS

Any of six naturally occurring minerals char-
acterized by being extremely fibrous (asbesti-
form), strong, and incombustible. They are
utilized in commerce for fire protection; as
reinforcing material for tiles, plastics, and
cements; for friction materials; and for thou-
sands of other uses. Because of a great con-
cern over the health effects of asbestos, many



countries have promulgated strict regulations
for its use. The six minerals designated as
asbestos also occur in a nonfibrous form. In
addition, there are many other minerals that
morphologically mimic asbestos because of
their fibrous nature.

The six naturally occurring minerals
exploited commercially for their desirable
physical properties, which are in part derived
from their asbestiform habit, are chrysotile
asbestos, a member of the serpentine mineral
group, and grunerite asbestos, riebeckite asbes-
tos, anthophyllite asbestos, tremolite asbestos,
and actinolite asbestos, all members of the
amphibole mineral group. Individual mineral
particles, however processed and regardless of
their mineral name, are not demonstrated to be
asbestos if the average length-to-width ratio is
less than 20:1.

Chrysotile is a hydrated magnesium silicate
from the serpentine mineral group. Amosite and
erocidolite are iron silicates from the amphibole
mineral group. Anthophyllite is a magnesium
silicate of the amphibole group with the mag-
nesium isomorphically replaced by varying
amounts of iron and aluminum.

The important characteristics of the asbes-
tos minerals that make them unique are their
fibrous form; high strength and surface area;
resistance to heat, acids, moisture, and weath-
ering; and good bonding characteristics with
most binders such as resins and cement.

Asbestos is used for many types of products
because of its chemical and thermal stability,
high tensile strength, flexibility, low electrical
conductivity, and large surface area. Past uses
of asbestos, such as sprayed-on insulation,
where the fibers may become easily airborne,
have been generally abandoned. Asbestos is
used predominantly for the construction indus-
try in the form of cement sheets, coatings,
pipes, and roofing products. Additional impor-
tant uses are for reinforcing plastics and tiles,
for friction materials, and packings and gaskets.

* Asbestos fabrics are often woven
mixed with some cotton. For brake
linings and clutch facings the asbes-
tos is woven with fine metallic wire.
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* Asbestos shingles, for fireproof roof-
ing and siding of houses, are nor-
mally made of asbestos fibers and
portland cement formed under
hydraulic pressure.

* Asbestos board is a construction or
insulating material in sheets made of
asbestos fibers and portland cement
molded under hydraulic pressure.
Ordinary board for the siding and
partitions of warehouses and utility
buildings is in the natural mottled-
gray color, but pigmented boards are
also marketed in various colors.

» Asbestos lumber is asbestos-cement
board molded in the form of boards
for flooring and partitions, usually
with imitation wood grain molded
into the surface. Asbestos siding, for
house construction, is grained to imi-
tate cypress or other wood and is pig-
mented with titanium oxide to give a
clear white color. Asbestos roofing
materials may also be made with
asphalt or other binder instead of
cement.

e Asbestos paper is a thin asbestos
sheeting made of asbestos fibers
bonded usually with a solution of
sodium silicate. It is strong, flexible,
and white in color, and is fireproof
and a good heat insulator. For cover-
ing steam pipes and for insulating
walls, it is made in sheets of two or
three plies. For wall insulation it is
also made double with one-corru-
gated sheet to form air pockets when
in place.

ASPHALT

Asphalt refers to varieties of naturally occurring
bitumen. Asphalt is also produced as a petro-
leum byproduct. Both substances are black and
largely soluble in carbon disulfide. Asphalts are
of variable consistency, ranging from a highly
viscous fluid to a solid.

Asphalt is derived from petroleum in com-
mercial quantities by removal of volatile com-
ponents. It is an inexpensive construction




material used primarily as a cementing and
waterproofing agent.

Asphalt is composed of hydrocarbons and
heterocyclic compounds containing N,, sulfur,
0O,; its components vary in molecular weight
from about 400 to 5000. It is thermoplastic and
viscoelastic; at high temperatures or over long

loading times it behaves as a viscous fluid; at
low temperatures or short loading times as an
elastic body.

The three distinct types of asphalt made
from petroleum residues and their uses are
described in Table A.14.

TABLE A.14
Asphalts and Their Uses

Asphalt Type and
% of Production

Manufacturing
Process
Straight-run, 70-75% Distillation or solvent

precipitation
Reacting with air at
204-316°C

Air-blown, 25-30%

Cracked, less than 5% Heating to 427-538°C

Nearly viscous flow

Resilient: viscosity less susceptible
to temperature change than
straight-run

Nearly viscous flow; viscosity more
susceptible to temperature change

Properties Uses

Roads, airport runways,
hydraulic works

Roofing, pipe coating,
paints, underbody
coatings, paper laminates

Insulation board saturant,
dust laying

than that of straight-run asphalt

Source: McGraw-Hill Encyclopedia of Science and Technology; 8th ed., Vol. 2, McGraw-Hill, New York, 176. With

permission.
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BABBITT METAL

The original name for tin—antimony—copper
(Sn—Sb—Cu) white alloys used for machinery
bearings, the term now applies to almost any
white bearing alloy with either tin or lead (Pb)
base. The alloy consists of 88.9% tin, 7.4%
antimony, and 3.7% copper. This alloy melts at
239°C. It has a Brinell hardness of 35 at 21°C,
and 15 at 100°C. As a general-utility bearing
metal, the original alloy has never been
improved greatly, and makers frequently desig-
nate the tin-base alloys close to this composi-
tion as genuine babbitt.

Commercial white bearing metals now
known as babbitt are of three general classes:
tin-base, with more than 50% tin hardened with
antimony and copper, and used for heavy-duty
service; intermediate, with 20 to 50% tin, with
lower compressive strength and more sluggish
behavior as a bearing; and lead-base, made usu-
ally with antimonial lead with smaller amounts
of tin together with other elements to hold the
lead in solution.

Copper hardens and toughens the alloy and
raises the melting point. Lead increases fluidity
and raises antifriction qualities, but softens the
alloy and decreases its compressive strength.
Antimony hardens the metal and forms hard
crystals in the soft matrix, which improve the
alloy as a bearing metal.

Alloys containing up to 1% arsenic (As) are
harder at high temperatures and are fine-
grained, but arsenic is used chiefly for holding
lead in suspension. Zinc (Zn) increases hard-
ness but decreases frictional qualities, and with
much zinc the bearings are inclined to stick.
Even minute quantities of iron (Fe) harden the
alloys, and iron is not used except when zinc is
present. Bismuth (Bi) reduces shrinkage and
refines the grain, but lowers the melting point
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and lowers the strength at elevated tempera-
tures. Cadmium (Cd) increases the strength and
fatigue resistance, but any considerable amount
lowers the frictional qualities, lowers the
strength at higher temperatures, and causes cor-
rosion. Nickel (Ni) is used to increase strength
but raises the melting point. The normal amount
of copper in babbitts is 3 or 4%, at which point
the maximum fatigue-resisting properties are
obtained with about 7% antimony. More than
4% copper tends to weaken the alloy, and raises
the melting point. When the copper is very high,
tin—copper crystals are formed and the alloy is
more a bronze than a babbitt.

Because of increased speeds and pressures
in bearings and the trend to lighter weights,
heavy-cast babbitt bearings are now little used
despite their low cost and the ease of casting
the alloys. The alloys are used mostly as anti-
friction metals in thin facings on steel backings,
with the facing usually less than 0.03 cm thick,
in order to increase their ability to sustain
higher loads and dissipate heat.

BARIUM

Barium (symbol Ba) is a metallic element that
occurs in combination in the minerals witherite
and barite, which are widely distributed. The
metal is silvery white in color and can be
obtained by electrolysis from the chloride, but
it oxidizes so easily that it is difficult to obtain
in the metallic state. Its melting point is 850°C,
and its specific gravity 3.78. The most extensive
use of barium is in the form of its compounds.
The salts that are soluble, such as sulfide and
chloride, are toxic. An insoluble, nontoxic bar-
ium sulfate salt is used in radiography. Barium
compounds are used as pigments, in chemical
manufacturing, and in deoxidizing alloys of tin,




copper, lead, and zinc. Barium is introduced
into lead-bearing metals by electrolysis to
harden the lead.

Barium is also a key ingredient in ceramic
superconductors.

BEARING MATERIALS

A large variety of metals and nonmetallic
materials in monolithic and composite (lami-
nate) form are used for bearings. Monolithic
ferrous bearings are made of gray cast iron,
pressed and sintered iron and steel powder, and
many wrought steels, including low-carbon
and high-carbon plain-carbon steels, low-alloy
steels, alloy steels, stainless steels, and tool
steels. Most cast-iron bearings are made of
gray iron because it combines strength with
the lubricity of graphitic carbon. Pressed and
sintered bearings can be made to controlled
porosity and impregnated with oil for lubricity.
Because of its wide use in ball and roller bear-
ings, one of the best-known bearing steels is
AISI (American Iron and Steel Institute)
52100 steel, a through-hardening 1% car-
bon-1.3 to 1.6% chromium (Cr) alloy steel.
Many steels, however, are simply surface-
hardened for bearing applications. In recent
years, the performance of bearing steels has
been markedly improved by special melting
practices that reduce the presence of nonme-
tallic inclusions.

Monolithic nonferrous bearings include
copper (90%)-zinc (10) bronze, leaded
bronzes, and unleaded bronzes, and an alumi-
num-tin (Al-Sr) alloy, containing about 6% tin
as the principal alloying element. The bronze
and aluminum alloy provide similar load-bear-
ing capacity and fatigue resistance, but the
bronze is somewhat better in resistance to cor-
rosion by fatty acids that can form with petro-
leum-base oils. It is also less prone to seizure
and abrasion from mating shafts; more able to
embed foreign matter and, thus, prevent shaft
wear; and more tolerant of shaft misalignment.

Applications include auto engine starter-
motor bearings, or bushings, for the copper-zinc
bronze; auto engine connecting-rod bearings
for the aluminum alloy; and various bearings in
motors, machine tools, and earth-moving
equipment for the tin bronzes.
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Monolithic bearings are also made of
cemented tungsten (W) and chromium car-
bides, plastics, carbon-graphite, wood, and rub-
ber. Plastics provide good combinations of
inherent lubricity, corrosion resistance, and
adequate strength at room to moderately ele-
vated temperatures. Thermal conductivity and
other performance features that may be required
can be provided by metal and other fillers. Plas-
tic bearings can be made of acetal, nylon, poly-
ester, polytetrafluoroethylene, polysulfone,
polyphenylene sulfide, polyimide, and polya-
mide-imide. Carbon-graphite bearings are more
heat resistant but rather brittle, thus limited to
nonimpact applications. Wood bearings are
made of maple and the hard lignum vitae. Rub-
ber bearings, usually steel-backed, are used for
bearings requiring resilience.

Nonferrous metals are widely used in dual-
or tri-metal systems. Dual-metal bearings com-
prise a soft, thin, inner liner metallurgically
bonded to stronger backing metal. Steel lined
with bronze containing 4 to 10% lead provides
the highest load-bearing capacity, 55 MPa, or
about twice that of the bronze alone, and fatigue
strength. However, the aluminum alloy with a
steel backing provides the best corrosion resis-
tance and only moderately less load-bearing
capacity. Tin and lead babbitt linings excel in
surface qualities conducive to free-sliding con-
ditions and are used with either steel, bronze,
or aluminum alloy backings.

Dual-metal systems cover a gamut of bear-
ings for motors, pumps, piston pins, camshafts,
and connecting rods.

Tri-metal bearings, all with steel backings,
have an inner liner of tin or lead babbitt and an
intermediate layer of a more-fatigue-resistant
metal, such as leaded bronze, copper—lead, alu-
minum-tin, tin-free aluminum alloys, silver
(Ag), or silver-lead. Load-bearing capacity
ranges from 10 to 83 MPa. The silver bearing
systems provide the best combination of load-
bearing capacity, fatigue and corrosion resis-
tance, and compatibility to mating materials,
but a lead babbitt, medium-lead bronze, and
steel system is a close second, sacrificing only
a moderate reduction in corrosion resistance but
at a reduction in cost. Applications include con-
necting-rod, camshaft, and main bearings in
auto engines and reciprocating aircraft engines.



BENZENE

A colorless, liquid, inflammable, aromatic
hydrocarbon which boils at 80.1°C and freezes
at 5.4 to 5.5°C. Benzene is used as a solvent
and particularly in Europe as a constituent of
motor fuel. In the United States the largest uses
of benzene are for the manufacture of styrene
and phenol. Other important outlets are in the
production of chlorinated benzenes (used in
DDT and moth flakes), and benzene hexachlo-
ride, an insecticide.

BERYL

At least 50 different beryllium-bearing minerals
are known, but in only about 30 is it a regular
constituent. The only beryllium-bearing min-
eral of industrial importance is beryl, a hexag-
onal beryllium-aluminum silicate with the ideal
composition Be;Al,SiO,,, equivalent to 5%
beryllium or 14% beryllium oxide, 19% A1,0;,
and 67% SiO,. The precious forms of beryl,
emerald and aquamarine, approach the ideal
composition. The emerald is a transparent,
intensely green variety of beryl.

BERYLLIUM

Among structural metals, beryllium (symbol
Be) has a unique combination of properties. It
has low density (two thirds that of aluminum),
high modulus per weight (five times that of
ultrastrength steels), high specific heat, high
strength per density, excellent dimensional
stability, and transparency to x-rays. Beryl-
lium is expensive, however, and its impact
strength is low compared to values for most
other metals.

Beryllium is a steel-gray lightweight metal,
used mainly for its excellent physical properties
rather than its mechanical properties. Except for
magnesium (Mg), it is the lightest in weight of
common metals, with a density of 1855 kg/m?.
It also has the highest specific heat (1833
J/kg K) and a melting point of 1290°C. It is
nonmagnetic, has about 40% the electrical con-
ductivity of copper, a thermal conductivity of
190 W/m K, high permeability to x-rays, and
the lowest neutron cross section of any metal
having a melting point above 500°C. Also, its
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tensile modulus (28.9 x 10* MPa) is far greater
than that of almost all metals.

Ultimate tensile strength ranges from 228
to 690 MPa and tensile elongation from 1 to
40%, depending on mill form. Thus, because of
its low density, beryllium excels in specific
strength, and especially in specific stiffness.
However, tensile properties, especially elonga-
tion, are extremely dependent on grain size and
orientation, and are highly anisotropic so that
results based on uniaxial tensile tests have little
significance in terms of useful ductility in fab-
rication or fracture toughness in structural
applications. From these standpoints, the metal
is considered to be quite brittle. Ductility, as
measured by elongation in tensile tests,
increases with increasing temperature to about
400°C, then decreases above about 500°C.
Although resistant to atmospheric corrosion
under normal conditions, beryllium is attacked
by O, and N, at elevated temperatures and cer-
tain acids, depending on concentration, at room
temperature.

Available forms include block, rod, sheet,
plate, foil, extrusions, and wire. Machining
blanks, which are machined from large vacuum
hot pressings, make up the majority of beryllium
purchases. However, shapes can also be pro-
duced directly from powder by processes such
as cold-press/sinter/coin, CIP/HIP, CIP/sinter,
CIP/hot-press, and plasma spray/sinter. (CIP is
cold isostatic press, and HIP is hot isostatic
press.) Mechanical properties depend on pow-
der characteristics, chemistry, consolidation
process, and thermal treatment. Wrought forms,
produced by hot working, have high strength in
the working direction, but properties are usually
anisotropic.

Beryllium parts can be hot-formed from
cross-rolled sheet and plate as well as plate-
machined from hot-pressed block. Forming
rates are slower than for titanium, for example,
but tooling and forming costs for production
items are comparable.

Structural assemblies of beryllium compo-
nents can be joined by most techniques such as
mechanical fasteners, rivets, adhesive bonding,
brazing, and diffusion bonding. Fusion-welding
processes are generally avoided because they
cause excessive grain growth and reduced
mechanical properties.




Beryllium behaves like other light metals
when exposed to air by forming a tenacious
protective oxide film that provides corrosion
protection. However, the bare metal corrodes
readily when exposed for prolonged periods to
tap water or seawater or to a corrosive environ-
ment that includes high humidity. The corrosion
resistance of beryllium in both aqueous and
gaseous environments can be improved by
applying chemical conversion, metallic, or non-
metallic coatings. Beryllium can be electroless
nickel-plated, and flame or plasma sprayed.

All conventional machining operations are
possible with beryllium, including EDM and
ECM. However, beryllium powder is toxic if
inhaled. Because airborne beryllium particles
and beryllium salts present a health hazard, the
metal must be machined in specially equipped
facilities for safety.

Machining damages the surface of beryl-
lium parts. Strength is reduced by the formation
of microcracks and “twinning.” The depth of
the damage can be limited during finish
machining by taking several light machining
cuts and sharpening cutting tools frequently or
by using nonconventional metal-removal pro-
cesses. For highly stressed structural parts, 0.05
to 0.10 mm should be removed from each sur-
face by chemical etching or milling after
machining. This process removes cracks and
other surface damage caused by machining,
thereby preventing premature failure. Precision
parts should be machined with a sequence of
light cuts and intermediate thermal stress reliefs
to provide the greatest dimensional stability.

Beryllium is toxic if inhaled or ingested,
necessitating special precaution in handling.
Most applications are quite specialized and
stem largely from the good thermal and elec-
trical properties of the metal. Uses include
precision mirrors and instruments, radiation
detectors, x-ray windows, neutron sources,
nuclear reactor reflectors, aircraft brakes, and
rocket nozzles.

Beryllium typically appears in military air-
craft and space-shuttle brake systems, in missile
reentry body structures, missile guidance sys-
tems, and satellite structures. The modulus-to-
density ratio is higher than that of unidirection-
ally reinforced, “high-modulus” boron, carbon,
and graphite fiber composites. Beryllium has an
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additional advantage because its modulus of
elasticity is isotropic.

The largest-volume uses of beryllium metal
are in the manufacture of beryllium—copper
alloys and in the development of beryllium-
containing moderator and reflector materials for
nuclear reactors. Addition of 2% beryllium to
copper forms a nonmagnetic alloy that is six
times stronger than copper. These beryl-
lium—copper alloys find numerous applications
in industry as nonsparking tools, as critical
moving parts in aircraft engines, and in the key
components of precision instruments, mechan-
ical computers, electrical relays, and camera
shutters. Beryllium—-copper hammers,
wrenches, and other tools are employed in
petroleum refineries and other plants in which
a spark from steel against steel might lead to
an explosion or fire.

One of the largest uses of beryllium metal
is in nuclear reactors as a moderator to lessen
the speed of fission neutrons and as a reflector
to reduce leakage of neutrons from the reactor
core. Beryllium is useful in nuclear applications
because of its relatively high neutron-scattering
cross section, low neutron-absorption cross sec-
tion, and low atomic weight.

Another large-scale use of beryllium is in
the manufacture of beryllium bronze, which has
high tensile strength and a capacity for being
hardened by heat treatment. Beryllium—copper
molds are used in manufacturing plastic furni-
ture with the appearance of wood-grain surfaces.

A small but important use of beryllium is
in sheet or foil form as window material in x-
ray tubes. Beryllium transmits x-rays 17 times
better than an equivalent thickness of aluminum
and six to ten times better than Lindemann
glass. This, together with its high melting point,
makes possible the use of x-ray beams of
greater intensity.

Beryllium oxide is used in the manufacture
of high-temperature refractory material and
high-quality electrical porcelains, such as air-
craft spark plugs and ultrahigh-frequency radar
insulators. The high thermal conductivity of
beryllium oxide and its good high-frequency
electrical insulating properties find application
in electrical and electronic fields.

Another use of beryllium oxide is as a
slurry for coating of graphite crucibles to



insulate the graphite and to avoid contamination
of melted alloys with carbon. Beryllium oxide
crucibles are used where exceptionally high
purity or reactive metals are being melted. In
the field of beryllium-oxide ceramics, a type of
beryllia has been developed that can be formed
into custom shapes for electronic and micro-
electronic circuits. Beryllium oxide has a high
thermal conductivity, equal to that of alumi-
num, and excellent insulating properties, which
permits closer packing of semiconductor func-
tions in silicon (Si) integrated circuits.

The lightweight, very high elastic modulus,
and heat stability of beryllium make it an attrac-
tive material for use as construction material in
aircraft and missiles. However, its lack of duc-
tility is a drawback. Were it not for its toxicity
and scarcity, beryllium would find use as a
rocket fuel because it produces more heat
energy per unit volume than any other element.
In multistage missiles a small weight reduction
in the final stage, such as might be achieved by
using beryllium in place of steel, permits a
much larger weight reduction in the earlier
stages in terms of fuel and structure. Research
in the utilization of beryllium metal and beryl-
lium-containing materials for aircraft and mis-
siles is carried out very actively. These and
other still-developing applications together
with the continuing uses of beryllium in nuclear
technologies sustain the ever-mounting produc-
tion levels of beryllium.

BERYLLIUM ALLOYS

Dilute alloys of base metals that contain a few
percent of beryllium in a precipitation-harden-
ing system are the principal useful beryllium
alloys manufactured today. Although beryl-
lium has some solid solubility in copper, sil-
ver, gold, nickel, colbalt, platinum, palladium,
and iron and forms precipitation-hardening
alloys with these metals, the copper—beryllium
system and, to a considerably lesser degree, the
nickel-beryllium alloys are the only ones used
commercially.

Other than the precipitation-hardening sys-
tems, small amounts of beryllium are used in
alloys of the dispersion type wherein there is
little solid solubility (aluminum and magne-
sium). Various amounts of beryllium combine
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with most elements to form intermetallic com-
pounds. Development of beryllium-rich alloys
have been chiefly confined to the ductile matrix
beryllium—aluminum, beryllium—copper solid
solution alloy with up to 4% copper, and dis-
persed-phase type alloys having relatively small
amounts of compounds (0.25 to 6%), chiefly as
beryllium oxide or intermetallics, for dimen-
sional stability, elevated temperature strength,
and elastic limit control.

BErYLLIUM—COPPER ALLOYS

Commercial alloys of the beryllium—copper
group are divided into cast or wrought types,
usually in ternary combination such as cop-
per—beryllium—cobalt (see Table B.1). Alloys
with higher beryllium content have high
strength while those with low beryllium have
high electrical and thermal conductivity.
Age-hardenable copper—beryllium—cobalt
alloys offer a wide range of properties, because
they are extremely ductile and workable in the
annealed condition and are strong and hard after
precipitation or aging treatment. Cobalt is added
to inhibit grain growth and provide uniform heat-
treatment response. These alloys also have inher-
ent characteristics of substantial electrical and
thermal conductivity and resistance to corrosion
and wear, being protected by beryllium oxide
films which impart this property to all materials
containing beryllium. These age-hardenable
alloys resist dimensional change and fatigue.

TABLE B.1
Composition of Principal
Beryllium—Copper Alloys

Alloy
Grade Beryllium, % Other, %
25 1.80-2.05 0.20-0.35 cobalt
165 1.60-1.79 0.20-0.35 cobalt
10 0.40-0.70 2.35-2.70 cobalt
50 0.25-0.50 1.40-1.70 cobalt
0.90-1.10 silver
275C 2.60-2.85 0.35-0.65 cobalt
245C 2.30-2.55 0.35-0.65 cobalt
20C 2.00-2.25 0.35-0.65 cobalt
165C 1.60-1.85 0.20-0.65 cobalt
10C 0.55-0.75 2.35-2.70 cobalt
50C 0.40-0.65 1.40-1.70 cobalt

1.00-1.15 silver




Primary applications are found in the elec-
tronics, automotive, appliance, instrument, and
temperature-control industries for electric-cur-
rent-carrying springs, diaphragms, electrical
switch blades, contacts, connectors, terminals,
fuse clips, and bellows (foil, strip, and wire), as
well as resistance-welding dies, electrodes,
clutch rings, brake drums, and switch gear (rod,
plate, and forgings). With 1.5% beryllium or
more, the melting point of copper is severely
depressed and a high degree of fluidity is
encountered, allowing casting of intricate
shapes with very fine detail. The characteristic
is important for plastic injection molds.

For special applications specific alloys have
been developed. Free machining and nonmag-
netic alloys have been made, as well as high-
purity materials. A precipitation-hardening
beryllium—Monel for oceanographic applica-
tion, containing about 30% nickel, 0.5% beryl-
lium, 0.5% silicon, and the remainder copper,
illustrates one of a series of alloys having
strength, corrosion resistance to seawater, and
antifouling characteristics.

New applications in structural, aerospace,
and nuclear fields are submarine repeater cable
housings for transoceanic cable systems, wind
tunnel throats, liners for magnetohydrodynamic
generators for gas ionization, and scavenger
tanks for propane-Freon bubble chambers in
high-energy physics research. Important devel-
oping applications for beryllium—copper are
trunnions and pivot bearing sleeves for the land-
ing gear of heavy, cargo-carrying aircraft,
because these alloys allow the highest stress of
any sleeve bearing material.

Beryllium—copper master alloys are pro-
duced by direct reduction of beryllium oxide
with carbon in the presence of copper in an
arc furnace. Because Be,C forms readily, the
master alloy is usually limited to about 4.0 to
4.25% beryllium. The master alloy is remelted
with additional copper and other elements to
form commercial alloys. Rolling billets up to
680 kg have been made by continuous-casting
techniques.

Beryllium—copper alloys can be fabricated
by all the industrial metalworking techniques to
produce principally strip, foil, bar, wire, and
forgings. They can be readily machined and can
be joined by brazing, soldering, and welding.
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Annealing, to provide high plasticity at room
temperature, is accomplished by heat-treating
(from 790 to 802°C for the high-beryllium alloys
or 900 to 930°C for the low-beryllium alloys)
and water quenching. Precipitation-hardening is
accomplished by heating to (400 to 480°C; low
beryllium) and (290 to 340°C; high beryllium).

ALLoYs WITH NICKEL AND IRON

Nickel containing 2% beryllium can be heat-
treated to develop a tensile strength of 1700
MPa with 3 to 4% elongation. Little commer-
cial use is made of the hard nickel alloys
although they have been employed, principally
as precision castings, for aircraft fuel pumps,
surgical instruments, and matrices in diamond
drill bits. Another nickel alloy with 2.0 to 2.3%
beryllium, 0.5 to 0.75% carbon, and the bal-
ance of nickel and refractory metals has been
used for mold components and forming tools
for glass pressware of optical and container
quality. Thermal conductivity, wear resistance,
and strength, coupled with unusual machina-
bility for a nickel-beryllium alloy, make this
alloy particularly advantageous for glassware
tooling.

Wrought beryllium—nickel contains about
2% beryllium, 0.5% titanium, and the balance
nickel. Casting alloys contain a bit more beryl-
lium (2 to 3%) and, in one alloy, 0.4% carbon.
Arsenic in the case of beryllium—copper alloys,
mechanical properties vary widely, depending
on temper condition — from 310 to 1586 MPa
in tensile yield strength and Rb 70 to Rc 55 in
hardness at room temperature. The alloys retain
considerable yield strength at high temperature:
896 to 1172 MPa at 538°C. They also have good
corrosion resistance in general atmospheres and
reducing media. Because beryllium is toxic,
special precautions are required in many fabri-
cating operations. The wrought alloy is used for
springs, bellows, electrical contacts, and feather
valves, and the casting alloys for molding plas-
tics and glass, pump parts, seal plates, and
metal-forming tools.

Attempts have been made to add beryllium
to a number of ferrous alloys. Small amounts
are used to refine grains and deoxidize ferritic
steels in Japan, and promising properties have
been developed for austenitic and martensitic



steels. Stainless steels (iron—nickel-chromium)
may be made maraging by adding 0.15 to 0.9%
beryllium, developing strengths as high as 1800
MPa as cast or 2300 MPa as rolled while retain-
ing their oxidation- and corrosion-resistant
characteristics. Amounts of 0.04 to 1.5% beryl-
lium have been added to various iron alloys
containing nickel, chromium, cobalt, molyb-
denum (Mo), and tungsten for special applica-
tions such as watch springs.

BERYLLIUM-BASE ALLOYS

Three types of beryllium-base alloys are of
interest. These consist of dispersed-phase types
containing up to 4% beryllium oxide; ductile-
phase or duplex alloys of beryllium and alumi-
num, particularly 38% aluminum in beryllium;
and solid solution alloys of up to 4% copper
in beryllium.

Dispersed-phase alloys containing oxides,
carbides, nitrides, borides, and intermetallic
compounds in a beryllium matrix are chiefly
characterized by increased strength and resis-
tance to creep at elevated temperatures. Major
commercial alloys in this series are of the fine-
grain, high-beryllium oxide (4.25 to 6%), hot-
pressed types such as materials used for inertial
guidance instruments characterized by high
dimensional stability, high-precision elastic
limit (55 to 103 MPa), and good machinability.

The 62% beryllium, 38% aluminum alloy
previously discussed under aluminum alloys
was developed as a structural aerospace alloy
to combine high modulus and low density with
the machining characteristics of the more com-
mon magnesium-base alloys. This alloy in sheet
form has at room temperature about 344 MPa
ultimate strength, 324 MPa yield strength, and
about 8% elongation. It is also produced as
extrusions. It has a duplex-type microstructure
characterized by a semicontinuous aluminum
phase. Other alloys of the beryllium—aluminum
type have been reported, but the 62% beryllium,
38% aluminum alloy is the most used.

INTERMETALLIC COMPOUNDS

Beryllium, combined with most other elements,
forms intermetallic compounds with high
strength at high temperature (up to 552 MPa
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modulus of rupture at 1260°C), good thermal
conductivity, high specific heat, and good oxi-
dation resistance. The beryllium oxide film
formed by surface oxidation is protective to
volatile oxides (molybdenum) and to elements
of high reactivity (zirconium and titanium) at
temperatures 1100 to 1500°C and for short
times up to 1650°C.

The beryllides are of interest to the nuclear
field, to power generation, and to aerospace
applications. Evaluation of the intermetallics as
refractory coatings, reactor hardware, fuel ele-
ments, turbine buckets, and high-temperature
bearings has been carried out.

BERYLLIUM OXIDE

A colorless to white crystalline powder of the
composition beryllium oxide, also called beryl-
lia. It has a specific gravity of 3.025, a high
melting point, about 2585°C, and a Knoop hard-
ness of 2000. It is used for polishing hard metals
and for making hot-pressed ceramic parts. Its
high heat resistance and thermal conductivity
make it useful for crucibles, and its high dielec-
tric strength makes it suitable for high-frequency
insulators. Single-crystal beryllia fibers, or whis-
kers, have a tensile strength above 6800 MPa.

Ceramic parts with beryllia as the major con-
stituent are noted for their high thermal conduc-
tivity, which is about three times that of steel,
and second only to that of the high-conductivity
metals (silver, gold, and copper). They also have
high strength and good dielectric properties.
Properties of typical grades of beryllia ceramics
are tensile strength, 96 MPa; compressive
strength, 2068 MPa; hardness (micro), 1300
Knoop; maximum service temperature, 2400°C;
dielectric strength, 5.8. Beryllia ceramics are
costly and difficult to work with. Above 1650°C
they react with water to form a volatile hydrox-
ide. Also, because beryllia dust and particles are
toxic, special handling precautions are required.
Beryllia parts are used in electronic, aircraft, and
missile equipment. A more recent application
has been the use of beryllia as thermocouple
insulators in vacuum furnace equipment operat-
ing below 1650°C.

Beryllium oxide powder is available in three
particle size ranges: (1) submicron to 1 to 2 mm,
used for fabricating both ceramic components



and BeO-UOQO, nuclear fuel elements, (2) 2 to 8
mm, used primarily for fabricating beryllia bod-
ies of 96 to 99.5% purity, and (3) ultrahigh-
density grains of specific size distribution for
admixing with resins and other organics to pro-
vide very high thermal conductivity coatings
and potting compounds.

Beryllia ceramics have these characteris-
tics: outstanding resistance to wetting and cor-
rosion by many metals and nonmetals; mechan-
ical properties only slightly less than those of
96% Al,O, ceramics; valuable nuclear proper-
ties, including an exceptionally low, thermal
neutron absorption cross section; and ready
availability in a wide variety of shapes and
sizes. Like AL,O; and some other ceramics,
beryllia is readily metallized by a variety of
thick- and thin-film techniques.

Major markets for beryllium oxide ceram-
ics are: microwave tube parts such as cathode
supports, envelopes, spacers, helix supports,
collector isolators, heat sinks, and windows;
substrates, mounting pads, heat sinks, and pack-
ages for solid-state electronic devices; and
bores or plasma envelopes for gas lasers.

Other uses include klystron and ceramic
electron tube parts, radiation and antenna win-
dows, and radar antennae. The exceptional
resistance of beryllia to wetting (and thus cor-
rosion) by many molten metals and slags makes
it suitable for crucibles for melting uranium
(U), thorium (Th), and beryllium.

The high general corrosion resistance of
beryllia has helped it capture new applications in
the chemical and mechanical fields. And other
uses in aircraft, rockets, and missiles are predicted.

Beryllium oxide is tapped for nuclear reactor
service because of its refractoriness, high thermal
conductivity, and ability to moderate (slow down)
fast neutrons. The “thermal” neutrons that result
are more efficient in causing fusion of uranium-
235. Nuclear industry uses for beryllia include
reflectors and the matrix material for fuel ele-
ments. When mixed with suitable nuclear poisons,
beryllium oxide may be a new candidate for
shielding and control rod assembly applications.

The market for electrically insulating, heat-
conductive encapsulants based on beryllia
grain—polymer mixtures is both small and
restricted. Although these composites have
thermal conductivities 10 to 20 times higher
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than those of other filled plastics, the handling
restrictions necessitated by the presence of
beryllia limit their use.

BISMUTH

Bismuth (symbol Bi) is a brittle, crystalline
metal with a high metallic luster with a distinc-
tive pinkish tinge. The metal is easily cast but
not readily formed by working. Within a narrow
range of temperature, around 225°C, it can be
extruded. Its crystal structure is thombohedral.

It is one of the few metals that expand on
solidification; the expansion is 3.3%. The ther-
mal conductivity of bismuth is lower than that
of any metal, with the exception of mercury.

Bismuth is the most diamagnetic of all met-
als (mass susceptibility of —1.35 x 109). It shows
the greatest Hall effect (increase in resistance
under influence of a magnetic field). It also has
a low capture cross section for thermal neutrons
(0.034 barn).

Bismuth is inert in dry air at room temper-
ature, although it oxidizes slightly in moist air.
It rapidly forms an oxide film at temperatures
above its melting point, and it burns at red heat,
forming the yellow oxide, Bi,O;. The metal
combines directly with halogens and with sulfur,
selenium, and tellurium; however, it does not
combine directly with nitrogen or phosphorus.

Bismuth is not attacked at ordinary tem-
peratures by air-free water, but it is slowly oxi-
dized at red heat by water vapor. Bismuth does
not dissolve in nonoxidizing acids, but does
dissolve in HNO; and in hot concentrated
H,SO,. The formation of intermetallic com-
pounds involves mainly the strongly electro-
positive metals.

Bismuth combined with a number of metal-
lic elements forms a group of interesting and
useful low-melting alloys. Some of the lowest
melting of these are as follows:

Melting Point
49.5 bismuth, 10.1 cadmium, 13.1 tin, 70°C
27.3 lead
49.0 bismuth, 12.0 tin, 18 lead, 57°C
21 indium
44.7 bismuth, 5.3 cadmium, 8.3 tin, 47°C

22.6 lead, 19.1 indium



The fusible alloys are used in many inge-
nious ways, e.g., sprinkler-system triggering
devices, bending pipes, anchoring tools during
machining, accurate die patterns, etc.

Bismuth metal (0.1%) is also added to cast
iron and steel to improve machinability and
mechanical properties. An alloy of 50% bis-
muth and 50% lead is added to aluminum for
screw machine stock, to increase machinability.

A permanent magnet (bismanol) with
excellent resistance to demagnetization is pro-
duced from manganese and bismuth.

The development of refrigerating systems
depending on the Peltier effect for cooling uses
a bismuth—tellurium or selenium alloy for ther-
mocouples. Bismuth telluride is used exten-
sively for thermoelectric cooling and for low-
temperature thermoelectric power production.

Bismuth is playing an important role in
nuclear research. Its high density gives it excel-
lent shielding properties for gamma rays while
its low thermal neutron capture cross section
allows the neutrons to pass through. For inves-
tigations in which it is desired to irradiate
objects, i.e., animals, with neutrons but protect
them from gamma rays, castings of bismuth are
used as neutron windows in nuclear reactors.

Bismuth has been proposed as a solvent-
coolant system for nuclear power reactors. The
bismuth dissolves sufficient uranium so that,
when the solvent and solute are pumped
through a moderator (graphite), criticality is
reached and fission takes place. The heat gen-
erated from the fission reaction raises the tem-
perature of the bismuth. The heated bismuth is
then pumped to conventional heat exchangers
producing the steam power required for even-
tual conversion to electricity.

The advantages of such a reactor are that
(1) it has potential for producing low-cost
power, (2) it has an integrated fuel processing
system, and (3) it converts thorium to fission-
able uranium.

Another important use of bismuth is in the
manufacture of pharmaceutical compounds.
Various bismuth preparations have been
employed in the treatment of skin injuries,
alimentary diseases, such as diarrhea and
ulcers, and syphilis. The oxide and basic
nitrate are perhaps the most widely used com-
pounds of bismuth. The trioxide is used in the
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manufacture of glass and ceramic products,
and the basic nitrate is used in the porcelain
painting to fire on gilt decoration.

BITUMINOUS
COATINGS

Bitumens have been defined as mixtures of
hydrocarbons of natural or pyrogenous origin or
combinations of both (frequently accompanied
by their nonmetallic derivatives), which can be
gaseous, liquid, semisolid, or solid and which
are completely soluble in carbon disulfide.

Bitumens used in the manufacture of coat-
ings are of the semisolid and solid variety and
are derived from three sources:

1. Asphalt produced by the distillation
of petroleum

2. Naturally occurring asphalts and
asphaltites

3. Coal tar produced by the destructive
distillation of coal

It is customary to classify bituminous coat-
ings by their application characteristics as well
as by their generic composition. All of the coat-
ings can be divided into two classes depending
on whether or not they require heating prior to
application.

1. Hot-applied coatings. These are either
100% bitumen or bitumen blended
with selected fillers. A common load-
ing for coatings employing fillers is 10
to 20% filler. Hot-applied coatings are
brought to the desired application vis-
cosity by heating. The majority of bur-
ied pipelines are coated with this type
of bituminous coating.

2. Cold-applied coatings. These employ
both solvents and water to attain the
desired application viscosity. A wide
range of solvents is used and the
choice depends mainly on the drying
characteristics desired and the sol-
vent power required to dissolve the
particular bitumen being used. Vari-
ous fillers are also used in cold-
applied coatings to obtain specific
applications and end-use properties.



Bituminous coatings can be formulated
from many combinations of bitumens, solvents,
or dispersing agents and fillers. This makes pos-
sible a great variety of end products to meet
application and service requirements. The coat-
ings that can be produced range from thin-film
(3-mil) coatings to protect machined parts in
storage, up to thick (100-mil), tough coatings
to protect buried pipelines.

As with all other coatings, the conditions
of the surface to which a bituminous coating is
applied is an important, life-determining factor.
A good sandblast is preferred, especially if the
surface is badly corroded and the exposure is
severe. In any case the surface should be free
of moisture, grease, dust, salts, loose rust, and
poorly adherent scale. A thin, penetrating bitu-
minous primer can be beneficial on rusty sur-
faces that can only be cleaned by wire brushing
and scraping.

END-UsSE REQUIREMENTS

The application will dictate which performance
properties of a coating should be given greatest
consideration.

Service Temperature

Many applications of bituminous coating
require a moderate service temperature range,
often no greater than that caused by weather
changes. However, other applications, such as
coatings for chemical processing vessels, may
require much wider service temperature ranges.
In any event, it is possible to obtain good per-
formance with bituminous coatings over a
range of —73 to 163°C.

Thermal and Electrical
Insulation

Bitumens themselves are relatively poor ther-
mal insulators. However, by using low-den-
sity fillers, coatings with good insulation
properties can be formulated. These coatings
both protect from corrosion and provide ther-
mal insulation. An added advantage of the
coatings is that the insulating material (low-
density filler) is completely surrounded by
bitumen and is permanently protected from
moisture. Thus, they are not subject to a loss
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in efficiency (as are conventional insulating
systems) from damage or failure of the pro-
tecting vapor barrier.

Bitumens are naturally good electrical insu-
lators. This is an important consideration in sys-
tems using cathodic protection as a complemen-
tary corrosion-prevention device.

Abrasion Resistance

Many bituminous coatings need to have high
abrasion resistance. Automotive undercoat-
ings, for example, need high abrasion resis-
tance because they are continually buffeted by
gravel and debris thrown up by the wheels of
the vehicle.

Abrasion-resistant coatings are also used to
protect interior surfaces of railroad cars or other
vessels handling chemical solids or abrasive
slurries.

Weathering Resistance

Asphalt-base bituminous coatings generally
weather better than coal-tar-base coatings.
Also, there is quite a wide difference in the
performance of asphalt coatings derived from
different petroleum crudes. By critically select-
ing the crude and the processing method,
asphalt coatings can be formulated that will
weather for many years.

In industrial areas, corrosive solids, solu-
tions, and vapors will affect weathering per-
formance. In general, the resistance of bitumi-
nous coatings to corrosive media is equal to
that of the best organic coatings. Bituminous
coatings have good resistance to dilute hydro-
chloric, sulfuric, and phosphoric acids as well
as to sodium hydroxide. They also have good
resistance to solutions of ammonium nitrate
and ammonium sulfate. However, they have
poor resistance to dilute nitric acid, and most
coatings are not resistant to oils, greases, and
petroleum solvents.

Mechanical Impact and
Thermal Shock

Bituminous coatings generally have good
adhesion when subjected to mechanical
impact. However, where severe mechanical
impact is expected, the coatings should first



be field-tested or tested in the laboratory under
simulated service conditions.

Resistance to thermal shock is an impor-
tant consideration in coatings used on some
types of processing equipment. Laboratory
tests in which a coated panel is transferred
back and forth between hot and cold chambers
can be used to predict field behavior. Bitumi-
nous coatings are available that will withstand
thermal shock over a temperature range of —51
to 60°C.

Tyres oF COATINGS

Because bitumens are very dark in color, heavy
loadings of pigments are required to produce
colors other than black. However, if color is an
important consideration, certain colored paints,
including whites, can be used as topcoats. Gran-
ules can also be blown into the coating before
it has completely cured to produce a wide range
of decorative effects.

Thin-Film Coatings

Coatings less than 6 mils thick are arbitrarily
included in this group. For the most part, these
are solvent cutback coatings. They are black
except in the case of aluminum paints employ-
ing bituminous bases. The coatings are inex-
pensive and can be used to give good protection
from corrosion when color is not important.

Asphalt coatings of this type are used
extensively to protect machined parts in stor-
age. Because the coatings retain their solubil-
ity in low-cost petroleum solvents even after
long weathering, kerosene or similar solvents
can be used to remove a coating from the
protected part just prior to placing it in service.
Coal-tar-base coatings are much more difficult
to dissolve and cannot be used for this pur-
pose. However, this property makes coal tar
useful for protecting crude-oil tank bottoms
and in other applications requiring resistance
to petroleum fractions.

Industrial Coatings

Heavy-bodied industrial coatings incorporate
low-density and fibrous mineral fillers. Coat-
ings can be formulated that will not slump or
flow on vertical surfaces when applied as thick
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as 250 mils. However, they are usually used in
thicknesses from 6 to 120 mils.

The coatings are used extensively in indus-
trial plants to protect tanks and structural steel
from such corrosive environments as acids,
alkalis, salt solutions, ammonia, sulfur dioxide,
and hydrogen sulfide gases.

Industrial coatings are also used in large
volume by the railroad industry. Complete exte-
riors of tank cars carrying corrosive liquids are
often coated and provide good protection of the
saddle area where spillage is likely to occur.
Coatings on the exteriors and interiors of hop-
per cars in dry chemical service also provide
protection from both corrosive action and abra-
sive wear.

Railroad car bituminous cements are used
to seal sills and joints in boxcars. An application
of this material followed by an overcoating of
granules makes an excellent roofing system for
railroad cars.

Coatings for Use over
Insulation

Practically all industrial insulating materials
must be protected from the weather and mois-
ture; otherwise they would lose their efficiency.
Bituminous coatings formulated to have low
rates of moisture vapor transmission give best
results on installations operating at low (—73°C)
to moderate (82°C) temperatures. Coatings that
allow a higher rate of moisture transmission
(breathing type) are needed to protect the insu-
lation on systems operating at 82°C and above.
This is necessary so that moisture trapped
beneath the coating can escape when the unit
is brought to operating temperatures.

Thermal Insulating Coatings

Low-density fillers can be employed in bitumi-
nous mastics to produce coatings with relatively
good insulating values; a k value of 0.6
Btu/ft?/h/°F is typical. Insulating coatings are
usually applied somewhat more thickly than
conventional mastics to obtain the insulating
value desired. They are commonly used in
thicknesses of 250 to 375 mils and because of
their thickness and resiliency they have excel-
lent resistance to mechanical damage.




Automotive Underbody
Coatings

These are mastic type coatings containing
fibrous and other fillers. They are used to coat
the undersides of floor panels, fenders, gasoline
tanks, and frames to protect against corrosion
and provide sound deadening and joint sealing.

The coatings have high resistance to deic-
ing salts, moisture, and water. They also have
sound-deadening properties that noticeably
reduce the noise level inside an automobile.
This provides for a more pleasant and less-
fatiguing ride. The sealing and bridging action
of the coatings is also especially effective in
reducing drafts and dust infiltration.

Sound-Deadening Coatings

High-efficiency, sound-deadening coatings can
be formulated from selected resinous bases and
high-density fillers. They have better sound-
deadening properties than automotive under-
body coatings and are used on the wall, roof,
and door panels of automotive equipment
where sound deadening is the primary need,
rather than abrasion resistance or protection
from corrosion. They are also used on railroad
passenger cars, house trailers, stamped bath-
tubs, kitchen sinks, air-conditioning cabinets,
and ventilation ducts.

Pipe Coatings

Industrial coatings are excellent for protection
of pipe above ground. However, the environ-
ment of underground exposure and the comple-
mentary use of cathodic protection make it nec-
essary to use specially designed coatings. The
stresses created by shrinking and expanding soil
require that the coating be very tough. Rocks
and other sharp objects can be expected to cause
high localized pressures on the coating surface.
A coating must have good cold-flow properties
to resist penetration by objects, which can cause
localized pressures as high as 690 MPa.
Cathodic protection (an impressed negative
electrical potential) is widely used to prevent the
corrosion processes from occurring at flaws in
the pipe coatings. Both asphalts and coal tars
are good electrical insulators and make excellent
coatings for cathodic protection applications.
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Coatings for pipe are usually of the hot
application type. Application can be made at
the mill, at a special pipe-coating yard, or over
the ditch, depending on the terrain, size of
pipe, and other factors. The coating may be
given added strength by embedding it with a
glass fabric while it is still hot. Outer wrap-
pings of rag, asbestos, and glass felts are
sometimes used to give added resistance to
damage by soil stresses.

APPLICATION

Bituminous coatings that are cut back with sol-
vents or emulsified with water can be produced
to consistencies suitable for application by dip-
ping, brushing, spraying, or troweling at ambi-
ent temperatures.

Dipping is usually used to coat small
parts. As a rule, coating viscosity is
adjusted to produce a thickness of 1 to
6 mils.

Brushing is used on areas that cannot be
reached by spraying and on jobs that
do not warrant setting up spray equip-
ment. Coating thicknesses can range
from 1 to 65 mils.

Spraying is the most popular method for
applying cold coatings. The thickness
required in one application determines
the consistency of the formulation, and
thicknesses of 1 to 250 mils are obtain-
able by spraying. Conventional paint-
spray equipment can be used for coat-
ings up to 6 mils thick. Heavier coat-
ings require the use of mastic spray
guns fed from pressure pots or heavy-
duty pumps. Heated vessels and feed
lines can also be used to decrease vis-
cosity and permit faster application
and the buildup of thicker films in one
application.

Troweling is usually used in inaccessible
areas or where it is necessary to pro-
duce a very heavy coating in one appli-
cation. Trowel coats are usually
applied in thicknesses above 250 mils.

Bituminous coatings can also be applied hot
without the need for any diluents. Such coatings



are widely used on piping in thicknesses of
about 95 mils. They are heated to 177 to 288°C
and then pumped into a special apparatus that
surrounds and travels along the pipe.

BLOW MOLDING

Essentially, blow molding involves trapping a
hollow tube of thermoplastic material in a mold.
Air pressure applied to the inside of the heated
tube blows the tube out to take the shape of the
mold. There are many variations on the basic
technique.

In short, the process is an economical high-
speed, high-production-rate method of forming
thermoplastic parts of hollow shape, or parts
that can be simply made from a hollow shape.

Uses include the container and toy field,
where bottles and toys of many different
shapes are formed in large quantities at low
cost. The most commonly used material is
polyethylene (PE).

Although any thermoplastic resin can be
considered a candidate for blow molding, PE
was the first used when blow molding started
with low-density PE for blow-molded squeeze
bottles. Now, low-, intermediate-, and high-
density PE resins are used, as well as special
ethylene copolymers designed to provide
greatly improved stress cracking resistance
compared with PE homopolymers, needed for
detergent containers.

One of the main criteria of selection of a PE
resin for blow molding is the proper balance of
physical properties required for the specific use.

With the extension of blow molding into
broader use in industrial products, the need for
engineering properties other than those of PE
has stimulated interest in other thermoplastics.
The main plastics available for blow molding,
other than PE, include cellulosics, polyamides
(nylons), polyacetals, polycarbonates, poly-
propylene, and vinyls.

The cellulosic family of plastics includes
acetate, butyrate, propionate, and ethyl cellu-
lose. For blow molding, the cellulosics offer
strength, stiffness, transparency, and high sur-
face gloss. They have unlimited color possibil-
ities. Chemical resistance and availability of
nontoxic resins make them potentially suitable
for medicine and food packaging. Their
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strength, stiffness, and transparency make them
suitable for industrial parts, toys, and numerous
decorative and novelty items.

Polyamides or nylons, although relatively
high cost materials, offer potential benefits in
industrial parts and special containers, such as
aerosols. Special developments have resulted in
formulations tailored to special viscosity
requirements for blow molding.

Polyacetal resins for blow molding offer
toughness, rigidity, abrasion resistance, high
heat distortion temperatures, and excellent
resistance to organic solvents. Also, they are
resistant to aliphatic and aromatic hydrocar-
bons, alcohols, ketones, strong detergents,
weak organic acids, and to some weak inorganic
bases. Aerosol containers are another applica-
tion for blow molding.

Polycarbonates have found their place in
blow-molded industrial parts. Primarily they
offer high toughness, strength, and heat resis-
tance. They are transparent with almost unlim-
ited colorability and are self-extinguishing.

Polypropylenes, somewhat similar to
higher-density PEs, but with lower specific
gravity, higher rigidity, strength and heat resis-
tance, and lower permeability, offer interesting
properties at low cost. Because of their lower
permeability they are used in containers where
PE is unsuited. They also have excellent stress-
crack resistance.

PVC (polyvinyl chloride) for blow-molded
parts offers benefits in terms of variability of
engineering properties. PVCs are available with
properties ranging all the way from high rigid-
ity in the unplasticized grades to highly flexible
plasticized PVCs. The variability in perfor-
mance resulting from the many possible formu-
lations means that engineers must consult with
the materials supplier in attempting to obtain a
formulation with the proper performance and
processing characteristics to meet their needs.

The scope of blow-molded design has
already broadened beyond that of round hollow
objects. Production of such parts as housings
by blowing a unit and sawing the item along
the parting line to produce two housings is
already a reality. As many as ten cavities have
been incorporated into a mold, using a wide
tube and allowing air to pass through a hollow
sprue or runner system between parts.




The future design possibilities of blow
molding appear bright. The constant improve-
ments in equipment design continue to add flex-
ibility to the blow-molding process.

SECONDARY OPERATIONS

The equipment used will determine to a great
extent the amount of finishing required on the
parts. Parts must usually be trimmed and often
decorated. Trimming may be by hand, or may
involve highly automated trimming, reaming,
and cutting.

Decorating of parts depends on the shape
of the part and the type of material used. But
generally, a variety of techniques is available,
including labeling, hot stamping, silk screen-
ing, and offset printing.

By far the largest market for blow-molding
applications is in the container field, ranging
from containers for food, drugs, and cosmetics
to household and industrial chemicals. Toys and
housewares represent sizable markets.

The industrial product area represents one
of the biggest potential uses for the process.
Present products include controls for television
sets, rollers for lawn mowers, oil dispensers,
toilet floats, molds for epoxy potting, and auto
ducting for air conditioning.

BONDING

A method of holding the parts of an object
together with or without the aid of an adhesive
such as an epoxy or a glue. Composite materials
such as fiber-reinforced plastics require strong
interfacial bonding between the reinforcement
and the matrix. In the case of atomic or optical
contact bonding, interatomic forces hold the
parts together. In optical contact bonding, sur-
face flatness and cleanliness between the mat-
ing parts determine the bonding strength, and
the atoms at the surface provide the necessary
forces. The number of valence electrons in the
atoms of a material determines the bonding
strength between the group of atoms that con-
stitutes a molecule. In these cases the term
chemical bonding is used.

Wire bonding is an interconnect technique
widely used in microchip manufacturing to pro-
vide electrical continuity between the metal
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pads of an integrated circuit chip and the elec-
trical leads of the package housing the chip.
The two common methods of wire bonding are
thermocompression and ultrasonic bonding. In
these, a fine aluminum or gold wire is bonded
at one end to the metal pad of the integrated
circuit chip, and at the other to the electrical
lead of the package. There are three types of
thermocompression bonds: wedge, stitch, and
ball. In thermocompression bonding, a molec-
ular metallurgical bond is formed at the two
metal junctions — bond wire and IC metal pad,
and bond wire and package lead metal — by
applying heat and pressure without melting. In
ultrasonic bonding, the molecular metallurgical
bond is achieved through a combination of
ultrasonic energy and pressure. The bonding
operation is done under pressure to break the
few surface layers of the material and form the
bond between the contamination-free surfaces.
Thermocompression bonding has higher
throughput and speed than ultrasonic bonding.
The bonding wire is usually aluminum, which
does not introduce any intermetallic problems.

BONDING MATERIALS

These are matrix materials in glass-fiber-rein-
forced plastics whereby the fiber glass reinforce-
ment has been previously sized and supplied with
these polymeric materials, which are catalysts,
accelerators, fillers, inhibitors, and plasticizers.

e Acrylic polymers. Limited use as a
laminating resin in the form of ther-
mosetting acrylic syrup to make
glazing panels. The monomer is used
in conjunction with styrene as a
cross-linking agent in polyesters to
improve weathering resistance.

e Alkyds. Reaction products of poly-
merization of polyhydroxy alcohols
and polycarboxylic acids, such as
glycerol and phthalic anhydride.
Modified grades are reinforced by
glass fibers in chopped strand form.

* Epoxy resins. Reaction products of
bisphenol A and epichlorohydrin.
Epoxies are cross-linked by the addi-
tion of acids or amines to form lam-
inating resins of exceptional bonding



properties. These boast excellent
electrical properties and high resis-
tance to acids and alkalies and are
used with fiberglass cloth and
strands.

* Melamine formaldehyde. Melamine
reacts with 1 to 6 mol of formalde-
hyde to form various compounds
with good electrical characteristics.
Used in flat electrical laminates, rein-
forced by glass cloth, these resins
also are used for bonding glass fibers
in thermal insulation.

e Phenol formaldehyde resins. Con-
densation polymerization products
of phenol and formaldehyde are used
primarily for bonding fiberglass
insulation products. Also used in flat
fiberglass cloth laminates for electri-
cal applications

e Polyesters. Unsaturated polyester
resins are made by condensation
polymerization of polyfunctional
acids such as maleic acid and
phthalic anhydride with glycols and
subsequent addition of cross-linking
agents such as styrene. These repre-
sent the largest family of resins used
in laminating and molding fiberglass
cloth and strands.

BORON

Boron (symbol B) is a metallic element closely
resembling silicon. Boron has a specific gravity
of 2.31, a melting point of about 2200°C, and
a Knoop hardness of 2700 to 3200, equal to a
Mohs hardness of about 9.3. At 600°C, boron
ignites and burns with a brilliant green flame.
Minute quantities of boron are used in steels
for case hardening by the nitriding process to
form a boron nitride, and in other steels to
increase hardenability, or depth of hardness. In
these boron steels, as little as 0.003% is bene-
ficial, forming an iron boride, but with larger
amounts the steel becomes brittle and suscep-
tible to hot-short unless it contains titanium or
some other element to stabilize the carbon . In
cast iron, boron inhibits graphitization and also
serves as a deoxidizer. It is added to iron and
steel in the form of ferroboron.
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The free element is prepared in crystalline
or amorphous form. The crystalline form is an
extremely hard, brittle solid. It is of jet-black
to silvery-gray color with a metallic luster. One
form of crystalline boron is bright red. The
amorphous form is less dense than the crystal-
line and is a dark-brown to black powder.

Crystalline boron, although relatively brit-
tle compared to diamond, is second only to
diamond in hardness.

The chemical properties of boron depend
largely on the physical form as well as on the
purity of samples. Amorphous boron oxidizes
slowly in the air even at room temperature, and
is spontaneously flammable at about 860°C.

Boron is not affected by either hydrochloric
or hydrofluoric acids, even on prolonged boil-
ing. Crystalline boron is quite stable to heat and
oxidation even at relatively high temperatures.
It is slowly attacked and oxidized by hot con-
centrated nitric acid and by mixtures of sodium
dichromate and sulfuric acid. Hydrogen perox-
ide and ammonium persulfate also slowly oxi-
dize crystalline boron.

All varieties of boron are completely oxi-
dized by molten mixtures of alkali carbonates
and hydroxides.

Boron reacts vigorously with sulfur at about
600°C to form a mixture of boron sulfides.
Boron nitride is formed when boron is heated
in an N, or NH; atmosphere above 1000°C. At
high temperatures, boron combines with phos-
phorus and with arsenic to form a phosphide,
BP, and an arsenide, BAs.

It reacts with silicon to form silicon borides
at temperatures above 2000°C.

Boron reacts with a majority of metals and
metallic oxides at high temperatures to form
metallic borides. Boron does not conform to the
usual rules of valence in forming these com-
pounds. The borides, along with the carbides
and the nitrides, are called interstitial com-
pounds. These compounds have crystal struc-
tures and properties very similar to those of the
original metal.

Metallic borides are usually prepared by hot
sintering of the elements. They may also be
prepared by carbothermic and aluminothermic
reduction of metal oxide—boron oxide mixtures.
A number of metallic borides of high purity
have been prepared on a semicommercial scale




by vapor deposition methods, in which the vol-
atile halides of the elements are deposited on a
hot substrate, such as tungsten or tantalum wire,
in an atmosphere of H,. Borides have much in
common with true metals. They have a high
electrical conductivity, high melting points, and
extreme hardness. Many metal borides are used
as components of cermet compositions.

Boron fibers for reinforced structural com-
posites are continuous fine filaments that are,
themselves, composites. They are produced by
vapor deposition of boron on a tungsten or car-
bon substrate. Their specific gravity is about
2.6, and they range from 0.10 to 0.15 mm in
diameter. They have tensile strengths around
3450 MPa, and a modulus of elasticity of nearly
0.5 million MPa. The fibers are used chiefly in
aluminum or epoxy matrixes. Unidirectional
boron—aluminum composites have tensile
strengths ranging from 758 to over 1378 MPa.
Their strength-to-weight ratio is about three
times greater than that of high-strength alumi-
num alloys.

Boron compounds are employed for fluxes
and deoxidizing agents in melting metals, and
for making special glasses. Boron, like silicon
and carbon, has an immense capacity for form-
ing compounds, although it has a different
valence. The boron atom appears to have a len-
ticular shape, and two boron atoms can make a
strong electromagnetic bond, with the boron
acting like carbon but with a double ring.

BoroN NITRIDE

Boron nitride (BN) has many potential com-
mercial applications. It is a white, fluffy powder
with a greasy feel. It has an x-ray diffraction
pattern almost identical with that of graphite,
indicating a close similarity in structure. It is
called white graphite. BN has a very low coef-
ficient of friction, but unlike carbon, it is a
nonconductor of electricity, and it is attacked
by nitric acid. It sublimes at 3000°C. It reacts
with carbon at about 2000°C to form boron
carbide (B,C). It is used for heat-resistant parts
by molding and pressing the powder without a
binder to a specific gravity of 2.1 to 2.25.

BN may be prepared in a variety of ways,
for example, by the reaction of boron oxide with
ammonia, alkali cyanides, and ammonium
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chloride, or of boron halides and ammonia. The
usually high chemical and thermal stability,
combined with the high electrical resistance of
BN, suggests numerous uses for this compound
in the field of high-temperature technology. BN
can be hot-pressed into molds and worked into
desired shapes.

BN powders can be used as mold-release
agents, high-temperature lubricants, and addi-
tives in oils, rubbers, and epoxies to improve
thermal conductance of dielectric compounds.
Powders also are used in metal- and ceramic-
matrix composites (MMC and CMC) to
improve thermal shock and to modify wetting
characteristics.

Hexagonal BN may be hot-pressed into soft
(Mohs 2) and easily machinable white or ivory
billets having densities 90 to 95% of theoretical
(2.25 g/em?). Thermal conductivities of 17 to 58
W/mK and coefficients of thermal expansion of
04 to 5 X 10°C are obtained, depending on
density, orientation with respect to pressing
direction, and amount of boric oxide binder
phase. Because of its porosity and relatively low
elastic modulus (50 to 75 GPa), hot-pressed BN
has outstanding thermal shock resistance and fair
toughness. Pyrolytic BN, produced by chemical
vapor deposition (CVD) on heated substrates,
also is hexagonal; the process is used to produce
coatings and shapes with thin cross sections.

Uses for hexagonal BN shapes include cru-
cibles, parts for chemical and vacuum equipment,
metal casting fixtures, boron sources for semicon-
ductor processing, and transistor mounts.

A cubic form of BN, called borazon, has
been prepared at pressures near 6500 MPa and
temperatures near 1500°C. It is comparable to
diamond in hardness and apparently has prop-
erties superior to those of diamond with regard
to oxidation, electrical resistance, and thermal
stability. This material will probably take its
place with diamond for industrial grinding.
Borazon is stable up to about 1925°C. This
molded material is resistant to molten alumi-
num, is not wetted by molten silicon or glass,
and is used for crucibles. Cubic BN tooling typ-
ically outlasts Al,O, and carbide tooling and is
preferred in applications where diamond is not
appropriate, such as grinding of ferrous metals.

BN fibers are produced in diameters as
small as 5 to 7 um and in lengths to 0.38 m.



The fibers have a tensile strength of 1378 MPa.
They are used for filters for hot chemicals, and
as reinforcement to plastic lamination. BN
HCJ is a fine powder, 99% pure, used as a
filler in encapsulating and potting compounds
to add thermal and electric conductivity. BN
is basically the same as B,C and can only be
densified by hot pressing. Hot-pressed hexag-
onal BN is easy to machine and has a low
density but must be kept free of boron oxide
(or the boron oxide stabilized with CaO-con-
taining additives), so BN is not destroyed by
hydration during heating.

A tough, coherent, hard abrasive compact,
consisting of a cubic form of BN bonded with
B,C, has been developed.

BoRON CARBIDE

Boron carbide (B,C) is produced by the high-
temperature (about 1371 to 2482°C) interaction
of boric oxide, B,0;, and carbon in an electrical
resistance-type furnace. It is a black, lustrous
solid. It is used extensively as an abrasive,
because its hardness approaches that of the dia-
mond. It is also used as an alloying agent, par-
ticularly in molybdenum steels.

Additionally, it is used in drawing dies and
gauges, or into heat-resistant parts such as noz-
zles. The composition is either B,C or B,C; the
former is the harder but usually contains an
excess of graphite difficult to separate in the
powder. It can be used thus as a deoxidizing
agent for casting copper, and also for lapping,
since the graphite acts as a lubricant. Boroflux
is B,C with flake graphite, used as a casting flux.

B,C parts are fabricated by hot pressing,
sintering, and sinter-HIPing (HIP = hot-iso-
static press). Industrially, densification is car-
ried out by hot pressing (2100 to 2200°C, 20
to 40 MPa) in argon. The best properties are
obtained when pure fine powder is densified
without additives. Pressureless sintering to high
density is possible using ultrafine powder, with
additives (notably carbon). Less expensive than
hot pressing, sintering also can be used for more
complex shapes.

Special part formulations include bonding
B,C with fused sodium silicate, borate frits,
glasses, plastics, or rubbers to lend strength,
hardness, or abrasion resistance. B,C-based
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cermets and MMC (especially Al/B,C, Mg/
B,C, Ti/B,C), and CMC:s (e.g., TiB,/B,C) have
unique properties, including superior ballistic
performance, that make these materials suit-
able for highly specialized applications. High-
temperature strength, light weight, corrosion
resistance, and hardness make these compos-
ites especially attractive. B,C shapes can be
reaction-bonded using SiC as the bonding
phase. B,C—-C mixtures are formed, then
reacted with silicon to create the SiC bond. SiC
also can be used as a sintering aid for B,C, and
vice versa.

As an abrasive, B,C is used for fine polish-
ing and ultrasonic grinding and drilling, either
as a loose powder or as a slurry. Tendency to
oxidize at workpiece temperatures precludes its
use in bonded abrasive wheels. Abrasion-resis-
tant parts made from B,C include spray and
blasting nozzles, bearing liners, and furnace
parts. The refractory properties of B,C, in addi-
tion to its abrasion resistance, are of value in
the latter application.

B,C is chemically inert, although it reacts
with O, at elevated temperatures and with white
hot or molten metals of the iron group, and
certain transition metals. B,C reacts with halo-
gens to form boron halides — precursors for
the manufacture of most non-oxide boron
chemicals. B,C also is used in some reaction
schemes to produce transition metal borides.
Boronizing packings containing B,C are used
to form hard boride surface layers on metal
parts.

B,C and elemental boron are used for
nuclear reactor control elements, radiation
shields, and moderators.

B,C platelets are single crystals of B,C or
B,;C, that are of 1 to 5 mm average diameter
and about 0.2 mm thick. The tiny B,C platelets
have proved to be highly effective in reinforcing
ceramic materials. Toughness values of 8.1
MPa.m'”? have been reported in B,C platelet-
reinforced Al,O, with corresponding four-point
bed strengths of more than 650 MPa.

B,C WHISKERS

These are single crystals of B,C or B;;C, that
range in diameter from 1 to 10 mm and an
average length of 30 to 300 mm. B,C whiskers




have been utilized in matrices of Al,O;, SiC,
and Si;N,.Toughness values exceeding 9.0
MPa.m!? have been reported in a matrix of
AlLO;.

B,C whiskers have been tested in metal-
matrix composites with high values reported in
ductility.

Another boron compound used for the
production of high-temperature ceramic parts
by pressing and sintering is boron silicide
(B,Si). It is a black, free-flowing crystalline
powder. The powder is microcrystalline, with
particles about 75 um in diameter, and the
free silicon is less than 0.15%. This compound
normally reacts at 1200°C to form B4Si and
silicon, but when compacted and sintered, the
ceramic forms a boron silicate oxygen protec-
tive coating, and the parts have a serviceable
life in air at temperatures to 1400°C. Molded
parts have high thermal shock resistance, and
can be water-quenched from 1093°C without
shattering.

In combination with plastics or aluminum,
boron provides an effective lightweight neu-
tron-shielding material. Boron-containing
shields are valuable because of their satisfac-
tory mechanical properties and because boron
absorbs neutrons without producing high-
energy gamma rays. Rods and strips of boron
steel have been used extensively as control rods
in atomic reactors.

The physical properties that make boron
attractive as a construction material in missile
and rocket technology are its low density (15%
lighter than aluminum), extreme hardness, high
melting point, and remarkable tensile strength
in filament form. Production of boron fibers by
vapor deposition methods has been developed
on a commercial scale. These fibers are being
used in an epoxy (or other plastic) carrier mate-
rial or matrix. The resulting composite is
stronger and stiffer than steel and 25% lighter
than aluminum. The balance of strength and
stiffness of the composite makes it ideal for
aircraft applications, where high performance
is of primary importance. Another development
in this area is the incorporation of boron fila-
ments in metal matrices.

The use of boron has found its way in such
diversified applications as in motor-starting
devices, phonograph needles, lightning arresters,
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thermal cutouts for transformers, igniters in rec-
tifier and control tubes, alloys resistant to high-
temperature abrasion and scaling, constant-
potential controllers, thermoelectric couples, and
resistance thermometers.

Certain compounds of boron, such as
borax and boric acid, have been known and
used for a long time in glass, enamel, ceramic,
and mining industries. Refined borax,
Na,B,0,-H,0, is an important ingredient of a
variety of detergents, soaps, water-softening
compounds, laundry starches, adhesives, toi-
letry preparations, cosmetics, talcum powder,
and glazed paper. It is also used in fireproofing,
disinfecting of fruit and lumber, weed control,
and insecticides, as well as in the manufacture
of leather, paper, and plastics.

BRASS

Brass is an alloy of copper and zinc. In manu-
facture, lump zinc is added to molten copper,
and the mixture is poured either into castings
ready for use or into billets for further working
by rolling, extruding, forging, or a similar pro-
cess. Brasses containing 75 to 85% copper are
red-gold and malleable; those containing 60 to
70% are yellow and also malleable; and those
containing 50% or less copper are white, brittle,
and not malleable.

Copper-zinc alloys whose zinc content
ranges up to 40% with the copper crystal struc-
ture face-centered cubic (fcc) are considered
brass. This solid solution alpha brass has good
mechanical properties, combining strength with
ductility. Corrosion resistance is very good, but
electrical conductivity is considerably lower
than for copper.

Beta brass contains nearly equal propor-
tions of copper and zinc. Specific brasses are
designated as follows: gilding (95% copper;
5% zinc), red (85:15), low (80:20), and admi-
ralty (70:29, with balance of tin). Naval brass
is 59 to 62% copper, with about 1% tin, less
than that of lead and iron, and the remainder
zinc. With small amounts of other metals,
other names are used. Leaded brass is used for
castings. These alloys have essentially the
same range of zinc content as the straight
brasses. Lead is present, ranging from less
than 1 to 3.25%, to improve machinability and



related operations. Lead also improves anti-
friction and bearing properties.

Another group, the tin brasses, are cop-
per—zinc alloys with small amounts of tin. The
tin improves corrosion resistance. Pleasing col-
ors are also obtained when tin is added to the
low brasses. Tin brasses in sheet and strip form,
with 80% or more copper, are used widely as
low-cost spring materials.

The mechanical properties of brasses vary
widely. Strength and hardness depend on
alloying and/or cold work. Tensile strengths
of annealed grades are as low as 206 MPa,
although some hard tempers approach 620
MPa.

Brass is annealed for drawing and bending
by quenching in water from a temperature of
about 538°C. Simple copper—zinc brasses are
made in standard degrees of temper, or hard-
ness. This hardness is obtained by cold-rolling
after the first anneal, and the degree of hard-
ness depends on the percentage of cold reduc-
tion. When the thickness is reduced about
10.9%, the resulting sheet is '/,-hard. The
other grades are !'/,-hard, hard, extra hard,
spring, and finally extra spring, which corre-
sponds to a reduction of about 68.7% without
intermediate annealing. Degrees of softness in
annealed brass are measured by the grain size,
and annealed brass is furnished in grain sizes
from 0.010 to 0.150 mm.

Even slight additions of other elements to
brass alter characteristics drastically. Slight
additions of tin change the structure, increas-
ing the hardness but reducing the ductility.
Iron hardens the alloy and reduces the grain
size, making it more suitable for forging, but
making it difficult to machine. Manganese
increases strength, increases the solubility of
iron in the alloy, and promotes stabilization of
aluminum, but makes the brass extremely
hard. Slight additions of silicon increase
strength, but large amounts promote brittle-
ness, loss of strength, and danger of oxide
inclusion. Nickel increases strength and
toughness, but when any silicon is present, the
brass becomes extremely hard and more a
bronze than a brass.

Brass is widely used in cartridge cases,
plumbing fixtures, valves and pipes, screws,
clocks, and musical instruments.
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BRAZING

Brazing constitutes a group of welding pro-
cesses in which coalescence is produced by
heating to suitable temperatures above 450°C
and by using a filler metal that must have a
liquidus temperature above 450°C and below
the solidus temperature of the base metal. The
filler metal is distributed between the closely
fitted surfaces of the joint by capillary attrac-
tion. Brazing is distinguished from soldering in
that the latter employs a filler metal having a
liquidus below 450°C.

Brazing provides advantages over other
welding processes, especially because it per-
mits joining of dissimilar metals that, because
of metallurgical incompatibilities, cannot be
joined by traditional fusion processes. Since
base metals do not have to be melted to be
joined, it does not matter that they have widely
different melting points. Therefore, steel can be
brazed to copper as easily as steel to steel.

Brazing also generally produces less ther-
mally induced distortion (warping) than fusion
welding does, because an entire part can be
brought up to the same brazing temperature,
thereby preventing the kind of localized heating
that can cause distortion in welding.

Finally, and perhaps most important to the
manufacturing specialist, brazing readily lends
itself to mass-production techniques.

The important elements of the brazing pro-
cess are filler-metal flow, base-metal and
filler-metal characteristics, surface preparation,
joint design and clearance, and temperature,
time, rate, and source of heating.

A myriad of applications of brazing occur
in many fields, including automotive and air-
craft designs; engines and engine components;
electron tubes; vacuum equipment and nuclear
components, such as production of reliable
ceramic-to-metal joints; and miscellaneous
applications such as fabrication of food-service
dispensers (scoops) used for ice cream and cor-
rosion-resistant and leak-proof joints in stain-
less steel blood-cell washers.

BRICK

Brick is a construction material usually made
of clay and extruded or molded as a rectangular




block. Three types of clay are used in the man-
ufacture of bricks: surface clay, fire clay, and
shale. Adobe brick is a sun-dried molded mix
of clay, straw, and water, manufactured mainly
in Mexico and some southern regions of the
United States.

The first step in manufacture is crushing the
clay. The clay is then ground, mixed with water,
and shaped. Then the bricks are fired in a kiln
at approximately 1093°C.

Substances in the clay such as ferrous, mag-
nesium, and calcium oxides impart color to the
bricks during the firing process. The color may
be uniform throughout the bricks, or the bricks
may be manufactured with a coated face. The
latter are classified as glazed, claycoat, or
engobe. Engobes are coatings, also called slur-
ries, that are applied to plastic or dry body brick
units to develop the desired color and texture.
Claycoat is a type of engobe that is sprayed on
as a coating of liquid clay and pigments.

Clay bricks are manufactured for various
applications. The most commonly used brick
product is known as facing brick. In addition to
standard bricks, decorative bricks molded in
special shapes are available in both standard
and custom sizes. They are used to form certain
architectural details such as water tables,
arches, copings, and corners. Bricks are also
used to create sculptures and murals.

BRONZE

The term bronze is generally applied to any
copper alloy that has as the principal alloying
element a metal other than zinc or nickel. Orig-
inally the term was used to identify copper—tin
alloys that had tin as the only, or principal,
alloying element. Some brasses are called
bronzes because of their color, or because they
contain some tin. Most commercial copper—tin
bronzes are now modified with zinc, lead, sil-
ver, or other elements.

Bronze is used in bearings, bushings, gears,
valves, and other fittings both for water and
steam. Tin bronze, including statuary bronze,
contains 2-20% tin; bell metal 15-25%; and
speculum metal up to 33%. Gun metal contains
8-10% tin plus 2—4% zinc.

The properties of bronze depend on its
composition and working. Phosphor bronze is
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tin bronze hardened and strengthened with
traces of phosphorus; it is used for fine tubing,
wire springs, and machine parts. Lead bronze
may contain up to 30% lead; it is used for cast
parts such as low-pressure valves and fittings.
Maganese bronze with 0.5 to 5% manganese
plus other metals, but often no tin, has high
strength. Aluminum bronze also contains no tin;
its mechanical properties are superior to those
of tin bronze, with up to 3% silicon, casts well,
and can be worked hot or cold by rolling, forg-
ing, and similar methods. Beryllium bronze
(also called beryllium copper) has about 2%
beryllium and no tin. The alloy is hard and
strong and can be further hardened and
strengthened by precipitation hardening; it is
one of the few copper alloys that responds to
heat treatment, approaching three times the
strength of structural steel.

Tin bronze is harder, stronger in compres-
sion, and more resistant to corrosion than the
brasses. Bronze that will not be exposed to
extremes of weather can be protected from cor-
rosion by warming it to slightly over 100°C in
an oxygen atmosphere. A thin layer of oxide or
patina forms to prevent further oxidation. A
patina may be formed on art objects by expo-
sure first to acid fumes and then drying as
above. While still warm, the object can be fur-
ther protected by a spray of wax in a solvent.

For bearings, sintered bronze is compacted
from 10% tin, up to 2% graphite, and the bal-
ance by weight of copper.

Gear bronze may be any bronze used for
casting gears and worm wheels, but usually
means a tin bronze of good strength deoxi-
dized with phosphorus and containing some
lead to make it easy to machine and to lower
the coefficient of friction. A typical gear
bronze contains 88.5% copper, 11% tin, 0.25%
lead, and 0.25% phosphorus.

Bronzes containing more than 90% copper
are reddish; below 90% the color changes to
orange-yellow, which is the typical bronze
color. Ductility rapidly decreases with increas-
ing tin content. Above 20% tin the alloy rapidly
becomes white in color and loses the character-
istics of bronze. A 90% copper and 10% tin
bronze weighs 8774 kg/m?; an 80-20 bronze
weighs 8719 kg/m?. The 80-20 bronze melts at
1020°C, and a 95-5 bronze melts at 1360°C.



BUCKYBALLS

Buckyballs, the soccer-shaped molecules dis-
covered over a decade ago, are made entirely
of carbon atoms linked with unusual chemical
bonds.

Buckybowls, large fragments of bucky-
balls, have been synthesized. The molecules
have the ability to take up electrons and give
them back later, under the right conditions, in
higher concentrations than buckyballs.

The only practical application thus far has
been the computer industry’s use of another
relative, the buckytube, as an atomic-scale
probe. Some researchers believe that the bucky-
bowls may facilitate the development of plastic
batteries that would be lighter, smaller, and
more environmentally friendly than the
rechargeable batteries now used to power cel-
lular phones and laptop computers.

The shape of the molecule may also allow
it to bond with other molecules. It fits over the
buckyball much like a contact lens, and may be
able to serve as a medium that links other sub-
stances to the balls.

BUTADIENE-STYRENE
THERMOSETTING
RESINS

Butadiene—styrene resins are low-molecular-
weight, all-hydrocarbon, thermosetting copoly-
mers designed primarily for surface coatings.
They form tough, inert films by numerous and
different mechanisms: oxidation, polymeriza-
tion, solvent evaporation, and through the use
of cross-linking agents.

Proper selection of curing conditions
and/or modifiers provides conversions ranging
from seconds to hours at temperatures from
21.1 to 593°C.

Butadiene—styrene resins are prepared in
a variety of forms. The basic resin is a viscous,
clear material with a high degree of unsatura-
tion. It is supplied in a solvent-free state for
use in special applications such as can linings
and thin film metal-strip coatings. It is readily
soluble in hydrocarbon thinners and chlori-
nated hydrocarbons. Another resin is based on
butadiene alone. It is similar in molecular
weight and physical properties to the basic
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resin; however, it possesses certain metal wet-
ting and fabrication characteristics that make
it superior for such uses as tinplate coatings.
Other resins are produced by modifying the
base resin to introduce such polar groups as
hydroxyls, carbonyls, and carboxyls. As a
result, they have a much more active chemical
nature and are more compatible with other
coating resins than either of the previous two.

A wide range of film properties can be
obtained by varying cure conditions or by mod-
ification with other resins and cross-linking
agents. Basically, films have excellent hardness
and flexibility as well as abrasion resistance
equal or superior to other high-quality industrial
coating resins.

Adhesion. Films provide excellent adhesion
to steel, galvanized tinplate, aluminum, brass,
and die cast zinc. A wide variety of plastics,
wood, glass, untreated concrete, and most other
surfaces can also be coated successfully.

Chemical resistance. Butadiene—styrene
films have excellent resistance to corrosive
atmospheres, particularly salt-spray and deter-
gent solutions. In chemical resistance, the
films are generally equivalent or superior to
other chemically resistant coating systems.
Typical properties of baked butadiene—styrene
films include extended resistance to water, salt
water, acids, ketones, alcohols, aromatics, and
other solvents.

Some butadiene—styrene resins are fre-
quently combined with other resins to obtain
specific coating properties. They are used as
modifiers for such leading conventional coating
resins as alkyd, vinyl, acrylic, and epoxy. They
can also be modified with other resins, prima-
rily ureas, melamine, and nitrocellulose.

Butadiene—styrene resins can be cured by
several systems — air-dry, low-temperature
bake, high-temperature bake, and instant curing
(2 s at 427°C).

Four means of instant cure have been found
suitable: flame curing, high-density infrared
heating, flame spraying, and induction heating.
The principle is simply to supply a great deal
of heat to the coating as rapidly as possible.

With the addition of metallic driers, buta-
diene-styrene resins will air-dry in 8 to 24 h.
Curing time is rapid, however, when the resin
is modified with nitrocellulose. This rapid,




lacquer-type drying composition is particu-
larly suitable for wood furniture and hard-
board finishes.

The resins best suited for use in special
thin-film coatings are up to 1.2 mils in thickness
and are used in applications such as can linings,
flat steel primers, beverage-can base coats, as
well as sanitary enamels. Additionally, automo-
biles appliances, metal wall partitions, and
preprimed steel sheeting are among other uses
for the resins in the primer field.

In the lacquer field, a resin modified with
nitrocellulose produces nonpenetrating, high-
build, high-solids, chemically resistant fin-
ishes for such uses as wood furniture, metal
cabinets, and plastics. This resin system is also
suitable as the primer-surfacer for hardboard
and wall paneling.

Other uses of butadiene—styrene resins
include metal strip coatings and pipe coatings
produced by instant cure methods and coatings
for drum and tank liners.

BUTYL RUBBER

Butyl is a general-purpose synthetic rubber.
There are two types of rubber in this category
and both are based on crude oil. The first is
polyisobutylene with an occasional isoprene
unit inserted in the polymer chain to enhance
vulcanization characteristics. The second is the
same, except that chlorine is added (approxi-
mately 1.2% by weight), resulting in greater
vulcanization flexibility and cure compatibility
with general-purpose rubbers.

Butyl rubbers have outstanding imperme-
ability to gases and excellent oxidation and
ozone resistance. The chemical inertness is fur-
ther reflected in lack of molecular-weight
breakdown during processing, thus permitting
the use of hot-mixing techniques for better
polymer/filler interaction.

Flex, tear, and abrasion resistance approach
those of natural rubber, and moderate-strength
(14.3 MPa) unreinforced compounds can be
made at a competitive cost. Butyls lack the
toughness and durability, however, of some of
the general-purpose rubbers.

Butyl is superior to natural rubber and sty-
rene-butadiene resin (SBR) in resistance to
aging and weathering, sunlight, heat, air, ozone

© 2002 by CRC Press LLC

and O,, chemicals, flexing and cut-growth, and
in impermeability to gases and moisture.
Because of their resistance to deterioration,
butyl vulcanizates retain their original proper-
ties in actual use longer than either natural rub-
ber or SBR vulcanizates. On heating in an oxi-
dative atmosphere, natural rubber and SBR tend
to become hard and brittle, whereas butyl
remains unchanged or becomes slightly softer.
Butyl can be compounded to have abrasion
resistance equal to that of natural rubber and
SBR. Butyl also has excellent dielectric prop-
erties. In many of its performance properties
butyl corresponds to the more expensive syn-
thetics such as the polychloroprenes (neo-
prene), the polysulfides, and the various nitrile
copolymers, although like natural rubber and
SBR, butyl alone is neither oil and grease nor
flame resistant. In common with other synthet-
ics, butyl has advantages of uniformity and free-
dom from foreign matter, as compared with
natural rubber.

Butyl has relatively high hysteresis loss,
and thus unique dynamic properties that make
it the preferred rubber in applications requiring
shock, vibration, and sound absorption.

Butyl has found a great many applications
in the automotive transport, mechanical goods,
electrical, chemical, proffed-fabric, building,
and consumer-goods fields.

The attribute responsible for the high-vol-
ume use of butyl rubber in automotive inner
tubes and tubeless tire interliners is its excellent
permeability to air.

Butyl passenger car tires have been suc-
cessful because the unique dynamic properties
of butyl give a remarkably soft, cushioned ride,
no squeal on braking or rounding corners, and
higher coefficients of friction between tires and
road, which result in shorter stopping distances.
The abrasion resistance of butyl tires is compa-
rable to that of other commercial tires.

The resistance of butyl to weathering and to
cutting and chipping has been demonstrated in
off-the-road machinery and farm tractor tires.
Its resistance weathering, sunlight, and ozone
has opened many applications in automotive
weatherstrips, windshield gaskets, curtain-wall
gaskets and scalers, caulking compounds, and
the like. Butyl-coated fabrics are extensively
used as convertible tops, tarpaulins, outdoor



furniture covers, etc. Such fabrics have been
used as liners for irrigation ditches, with adja-
cent widths of fabric cemented together with
butyl cement at the site to make linings wide
enough for large ditches.

Resistance to heat is essential in many butyl
applications, such as high-pressure steam hose.
Butyl has become the preferred material for
curing bags and bladders used in the vulcani-
zation of tires.

Butyl is also used as the inner liner in many
tubeless tires, particularly truck tires, because
butyl liners remain impermeable even after
exposure to the heat of several successive recap-
ping operations.

The outstanding electrical properties of
butyl, coupled with its age, ozone, and moisture
resistance, have made it useful in many electri-
cal applications. Its resistance to corona and
tracking makes it a preferred insulation material
for power cable, and because of its heat resis-
tance, butyl-insulated cable can be used to carry
more current than cable of equal diameter insu-
lated with SBR or other rubbers. Butyl is also
used in electrical encapsulation compounds, as
bus-way, factory wire, and communications
wire insulation, and in other miscellaneous
electrical applications.

Many automotive and mechanical applica-
tions take advantage of the ability of butyl to
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absorb shock, vibration, and noise. These
include axle and body bumpers, truck load
cushions, boat dock bumpers, bowling alley
bumpers, etc. Motor and machinery mounts,
bridge pads, drive-shaft insulators, and gasket-
ing applications also benefit from the good
resistance of butyl to permanent set from pro-
longed compression and vibration. Although
not usually considered oil resistant, butyl has
given years of satisfactory under-the-hood ser-
vice in spark plug nipples, motor mounts, grom-
mets, radiator hose, and other parts occasionally
exposed to oil and grease.

Chemical and heat resistance requirements
are satisfied by butyl in applications such as
chemical tank linings, gaskets, hose, dia-
phragms, etc. Butyl is the preferred gasketing
material for use in contact with ester-type
hydraulic fluids of low flammability. Its acid
resistance is used to advantage in dairy hose,
and in large rubber containers for the bulk trans-
portation of foodstuffs. Chemical, heat, and
abrasion resistance are essential in butyl con-
veyor belts used to transport hot granular solids
in chemical plants. Resistance to chemicals and
compression set and impermeability to gases
are important in butyl food-jar seals and med-
icine bottle stoppers.



CADMIUM

Cadmium (symbol Cd) is a silvery-white crys-
talline metal that has a specific gravity of 8.6,
is very ductile, and can be rolled or beaten into
thin sheets. It resembles tin and gives the same
characteristic cry when bent, but is harder than
tin. A small addition of zinc makes it very brit-
tle. It melts at 320°C and boils at 765°C. Cad-
mium is employed as an alloying element in
soft solders and in fusible alloys, for hardening
copper, as a white corrosion-resistant plating
metal, and in its compounds for pigments and
chemicals. It is also used for Ni—-Cd batteries
and to shield against neutrons in atomic equip-
ment; but gamma rays are emitted when the
neutrons are absorbed, and these rays require
an additional shielding of lead.

Most of the consumption of cadmium is for
electroplating. For a corrosion-resistant coating
for iron or steel a cadmium plate of 0.008 mm
is equal in effect to a zinc coat of 0.025 mm.
The plated metal has a silvery-white color with
a bluish tinge, is denser than zinc, and harder
than tin, but electroplated coatings are subject
to H, embrittlement, and aircraft parts are usu-
ally coated by the vacuum process. Cadmium
plating is not normally used on copper or brass
since copper is electronegative to it, but when
these metals are employed next to cad-
mium-plated steel a plate of cadmium may be
used on the copper to lessen deterioration.

Cadmium oxide is used extensively in plas-
tics. In conjunction with barium it forms a com-
pound used to stabilize the color of finished
plastics. It is also a major constituent of phos-
phors used in television tubes.

Cadmium is mutually soluble in a number
of other metallic elements. It is combined with
several of these elements to form a number of
commercial alloys with special properties.
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The alloys of cadmium with lead, tin, bis-
muth, and indium are unique because of their
low melting points. For example:

Melting

Alloy Point, °C
33% Cd—67% Sn 176
18% Cd-51.2% Sn-30.6%, Pb 145
40% Cd-60% Bi 144
20.2% Cd-25.9% Sn-53.9% Bi 103
10.1% Cd-13.1% Sn-49.5% Bi, 70

27.3% Pb

5.3% Cd-12.6% Sn—47.5% Bi, 47

25.4% Pb, 19.1% In

These fusible alloys are used in applications
ranging from fire-detection apparatus to accu-
rate proof casting.

Cadmium has limited use in soft solders
combined with tin, lead, and zinc but its major
application in the field of joining is for joints
requiring higher-temperature strength than can
be obtained with the soft solders. Cadmium
combined with silver, copper, and zinc forms
several brazing alloys. A typical alloy contains
35% silver, 26% copper, 21% zinc, 18% cad-
mium and has a melting point of 608°C. Cad-
mium (0.7 to 1%) is added to copper to make
a strong ductile metal that has a high annealing
temperature but no serious loss of electrical
conductivity. (Trolley wire is an example of its
use.)

The importance of cadmium in the nuclear
field depends on its high thermal neutron cap-
ture cross section. By absorbing neutrons, cad-
mium is employed to control the rate of fission
in a nuclear reaction.

Cadmium sulfide exhibits both photosensi-
tivity and electroluminescence; i.e., it can con-
vert light to electricity and electricity to light.

Finally, the fumes of cadmium, its com-
pounds, and solutions of its compounds are very



toxic, and cadmium-plated articles should not
be used in food, nor should cadmium-coated
articles be welded or used in ovens.

CALCIUM

Calcium (symbol Ca) is a metallic element
belonging to the group of alkaline earths. It is
one of the most abundant materials, occurring
in combination in limestones and calcareous
clays. The metal is obtained 98.6% pure by
electrolysis of the fused anhydrous chloride. By
further subliming, it is obtained 99.5% pure.
Calcium metal is yellowish white in color. It
oxidizes easily and, when heated in air, burns
with a brilliant white light. It has a density of
1.55 g/cm3, a melting point of 838°C, and a
boiling point of 1440°C. Its strong affinity for
O, and sulfur is utilized as a cleanser for non-
ferrous alloys. As a deoxidizer and desulfurizer
it is employed in the form of lumps or sticks of
calcium metal or in ferroalloys and Ca—Cu.

Many compounds of calcium are employed
industrially, in fertilizers, foodstuffs, and med-
icine. It is an essential element in the formation
of bones, teeth, shells, and plants. Oyster shells
form an important commercial source of cal-
cium for animal feeds. They are crushed, and
the fine flour is marketed for stock feeds and
the coarse for poultry feeds. The shell is cal-
cium carbonate.

Edible calcium, for adding calcium to food
products, is calcium lactate, a white powder of
the composition Ca(C;H;0,), - 5 H,0, derived
from milk. Calcium lactobionate is a white
powder that readily forms chlorides and other
double salts, and is used as a suspending agent
in pharmaceuticals. It contains 4.94% available
calcium. Calcium phosphate, used in the food-
stuffs industry and in medicine, is marketed in
several forms. Calcium diphosphate, known as
phosphate of lime, is CaHPO, - 2H,0, or in
anhydrous form. It is soluble in dilute citric acid
solutions, and is used to add calcium and phos-
phorus to foods, and as a polishing agent in
toothpastes.

Calcium oxide is made by the thermal
decomposition of carbonate minerals in tall
kilns using a continuous-feed process. Care
must be taken during the heating to decompose
the limestone at a low enough temperature so
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that the oxide will slake freely with water. If
too high a temperature is used, so-called dead-
burnt lime is formed. The oxide is used in high-
intensity arc lights (limelights) because of its
unusual spectral features and as an industrial
dehydrating agent. At high temperatures, lime
combines with sand and other siliceous material
to form fusible slags; hence, the metallurgical
industry makes wide use of it during the reduc-
tion of ferrous alloys.

Because of the low cost of calcium hydrox-
ide, it is used in many applications where
hydroxide ion is needed. Slaked lime is an
excellent absorbent for carbon dioxide (CO,) to
produce the carbonate. Because of the great
insolubility of the carbonate, gases are easily
tested qualitatively for CO, by passing them
through a saturated lime—water solution and
watching for a carbonate cloudiness. The
hydroxide is also used in the formation of mor-
tar, which is composed of slaked lime (1 vol-
ume), sand (3 to 4 volumes), and enough water
to make a thick paste. The mortar gradually
hardens because of the evaporation of the water
and the cementing action of the deposition of
calcium hydroxide, and because of the absorp-
tion of CO,.

Calcium silicide, CaSi, is an electric-fur-
nace product made from lime, silica, and a car-
bonaceous reducing agent. This material is use-
ful as a steel deoxidizer because of its ability
to form calcium silicate, which has a low melt-
ing point.

Calcium carbide is a hard, crystalline sub-
stance of grayish-black color, used chiefly for
the production of acetylene gas for welding and
cutting torches and for lighting. It is made by
reducing lime with coke in the electric furnace,
at 2000 to 2200°C. It can also be made by
heating crushed limestone to a temperature of
about 1000°C, flowing a high-methane natural
gas through it, and then heating to 1700°C. The
composition is CaC,, and the specific gravity is
2.26. It contains theoretically 37.5% carbon.
When water is added to calcium carbide, acet-
ylene gas is formed, leaving a residue of slaked
lime.

Calcium sulfate dihydrate is called gypsum.
It constitutes the major portion of portland
cement, and has been used to help reduce soil
alkalinity. A hemihydrate of calcium sulfate,



produced by heating gypsum at elevated tem-
peratures, is known under the commercial name
plaster of paris. When mixed with water, the
hemihydrate reforms the dihydrate, evolving
considerable heat and expanding in the process,
so that a very sharp imprint of the mold is
formed. Thus, plaster of paris finds use in the
casting of small art objects and mold testing.

Calcium metal is employed as an alloying
agent for aluminum-bearing metal, as an aid in
removing bismuth from lead, and as a controller
for graphitic carbon in cast iron. It is also used
as a deoxidizer in the manufacture of many
steels, as a reducing agent in preparation of
such metals as chromium, thorium, zirconium,
and uranium, and as a separating material for
gaseous mixtures of N, and argon. When added
to magnesium alloys (0.25%), it refines the
grain structure, reduces their tendency to take
fire, and modifies the strengthening heat treat-
ment. It finds use also in the precipitation-hard-
ening Pb—Ca alloys.

Calcium in the biosphere is an invariable
constituent of all plants because it is essential
for their growth. It is contained both as a struc-
tural constituent and as a physiological ion. The
calcium ion is able to counteract the toxic
effects of potassium, sodium, and magnesium
ions. Calcium may also affect the growth of
plants because its presence in soil affects the
alkalinity of the latter.

Calcium is found in all animals in the soft
tissues, in tissue fluid, and in the skeletal struc-
tures. The bones of vertebrates contain calcium
as calcium fluoride, calcium carbonate, and cal-
cium phosphate. In some lower animals, mag-
nesium replaces either totally or partially the
skeletal calcium. The importance of calcium in
animals as a structural constituent is based on
its abundance and on the low solubility of the
three calcium salts just listed. Calcium is also
essential in many biological functions of the
vertebrates.

CALENDERED SHEET

Calendering is the process of forming a con-
tinuous sheet of controlled size by squeezing
a softened thermoplastic material between two
or more horizontal rolls. Along with extrusion
and casting, calendering is one of the major
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techniques used to process thermoplastics into
film and sheeting. It also is used in the manu-
facture of flooring and to apply a plastic coat-
ing on paper, textiles, and other supporting
materials.

The calendering process is used in the plas-
tics, rubber, linoleum, paper, and metals indus-
tries for various roll-forming operations in the
manufacture of sheeted materials. This cover-
age will be concerned only with calendering of
thermoplastic materials (plastics and elas-
tomers, the latter of which are calendered in a
thermoplastic state prior to vulcanization).

The process consists of five steps: preblend-
ing, fluxing, calendering, cooling, and wind-up.
Blending of the resin powder with plasticizers,
stabilizers, lubricants, colorants, and fillers is
usually done in large ribbon blenders. The com-
pound is fluxed, i.e., heated and worked until it
reaches a molten or doughlike consistency.

When a Banbury mill is used, the molten
material from it is discharged to a two-roll hor-
izontal mill and thence to the calender either in
a continuous strip or in batches. When an
extruder is used for fluxing, the extrudate is fed
directly to the calender. Alternatively, the pre-
blend can in some cases be fed directly to the
calender.

After passage through the calender, the con-
tinuous sheet of hot plastic is stripped off the
last calender roll with a small, higher-speed
stripping roll. The hot sheet is cooled as it trav-
els over a series of cooling drums. The film or
sheeting is finally automatically cut into indi-
vidual sheets or wound up in a continuous roll.

The desired surface finish on the calen-
dered film or sheeting is imparted by the last
pair of calender rolls and may range from a
high gloss to a heavy matte finish. Extra-high
gloss or special engraved patterns can be made
either by having a polished or engraved roll
impinge on the last calender roll (contact
embossing) or by passing the hot sheeting
directly from the calender between an engraved
metal roll and a rubber backup roll (in-line
embossing). Many attractive patterns are made
by these techniques.

The major groups of thermoplastics and
elastomers that are calendered into film or sheet-
ing are polyvinyl chloride (PVC) (plasticized
and unplasticized) and natural and synthetic




rubbers. ABS (acrylonitrile, butadiene, and sty-
rene) polymers, polyolefins, and silicones are
also calendered, but in much smaller quantities.

Calendered vinyl is used extensively for
floor tile and continuous flooring, rainwear,
shower curtains, table covers, pressure-sensi-
tive tape, automotive and furniture upholstery,
wall coverings, luminous ceilings, signs and
displays, credit cards, etc.

In contrast, calendered rubber — except for
some fabric coating — is mainly an intermedi-
ate product used in the manufacture of a mul-
titude of articles such as automobile tires, foot-
wear, molded mechanical goods, etc.

In applications that involve the use of cal-
enders for paper and cloth coating, the paper or
fabric is fed into the last calender nip so that
the plastic or rubber coating is formed on top
of the material (calender coating). Frictioning
is a variation of this technique by which a thin
layer of rubber is squeezed or rubbed into the
fabric itself, a technique widely used in the
rubber industry for the manufacture of friction
tapes and cord fabric for tires.

Production speeds vary greatly with mate-
rials, from 10 to 300 fpm (feet per minute).

Calenders are heavy, high-precision
machines that are made in a variety of designs
and with elaborate control equipment that auto-
matically monitors film variations and readjusts
the machine to produce the desired thickness.

CAPACITOR

A capacitor is an electrical device capable of
storing electrical energy. In general, a capacitor
consists of two metal plates insulated from each
other by a dielectric. The capacitance of a
capacitor depends primarily upon its shape and
size and upon the relative permittivity €, of the
medium between the plates. In vacuum, in air,
and in most gases, €, ranges from one to several
hundred.

One classification of capacitors comes from
the physical state of their dielectrics, which may
be gas (or vacuum), liquid, solid, or a combi-
nation of these. Each of these classifications
may be subdivided according to the specific
dielectric used. Capacitors may be further clas-
sified by their ability to be used in AC or DC
circuits with various current levels.

© 2002 by CRC Press LLC

Capacitors are also classified as fixed,
adjustable, or variable. Capacitors made with
air, gas, or vacuum as the dielectric between
plates are constructed with flat parallel metallic
plates (or cylindrical concentric metallic
plates).

Solid-dielectric types of capacitors use one
of several dielectrics such as a ceramic, mica,
glass, or plastic film. Alternate plates of metal,
or metallic foil, are stacked with the dielectric,
or the dielectric may be metal-plated on both
sides.

Plastic-film types are capacitors that use
dielectrics such as polypropylene, polyester,
polycarbonate, or polysulfone with a relative
permittivity ranging from 2.2 to 3.2. This plas-
tic film may be used alone or in combination
with Kraft paper. The most common electrodes
are aluminum or zinc vacuum-deposited on the
film, although aluminum foil is also used.

Other major types of capacitors can be seen
in Table C.1.

CARBIDES

Of the several classes of carbides, only two
types need be considered for engineering appli-
cations: the covalent carbides of silicon and
boron, and the interstitial carbides of the tran-
sition metals — titanium, zirconium, vana-
dium, niobium (columbium), tantalum, chro-
mium, molybdenum, and tungsten. All of these
may be characterized as hard, refractory mate-
rials of extreme chemical inertness. Other car-
bides such as those of aluminum, iron, and
manganese are too reactive to be considered
for engineering applications. Chemically, all
the inert carbides, with the exception of SiC,
are unusual in that they exist in their typical
form over a range of composition. In this
respect they are more similar to alloys than true
chemical compounds.

Structurally, interstitial carbides may be
described as metal lattices into which the small
carbon atoms have been inserted. In the ideal
form this leads to an fcc (face-centered cubic)
structure for all of the metal carbides (MC)
types except tungsten carbide (WC), which like
the M, C types has a simple hexagonal structure.
B,C is rhombohedral, and consists of a distorted



TABLE C.1

Major Types of Capacitors

Voltage
Type Capacitance (working voltage, DC), V2 Applications
Monolithic ceramics 1 pF-2.2uF 50-200 Ultrahigh frequency, rf coupling,
computers
Disk and tube ceramics 1pF-1uF 50-1000 General, very high frequency
Paper 0.001-1uF 200-1600 Motors, power supplies
Film
Polypropylene 0.0001-0.47uF 400-1600 Television vertical circuits, rf
circuits
Polyester 0.0014.7uF 50-600 Entertainment electronics
Polystyrene 0.001-1uF 100-200 General, high stability
Polycarbonate 0.01-18uF 50-200 General
Metallized polypropylene 4-60uF 4002 Alternating-current motors
Metallized polyester 0.001-22uF 100-1000 Coupling, rf filtering
Electrolytic
Aluminum 100,00uF 5-500 Power supplies, filters
Tantalum 0.1-2200uF 3-150 Small space requirement, low
leakage
Gold 0.022-10uF 2.5-55 Memory backup
Nonpolarized (either 0.47-1000uF 10-200 Loudspeaker crossovers
aluminum or tantalum)
Mica 330 pF-0.05uF 50-1000 High frequency
Silver-mica 5-820 pF 50-500 High frequency
Variable
Ceramic 1-5 to 16-100 pF 200 Radio, television,
communications
Film 0.8-5 to 1.2-30 pF 50 Oscillators, antenna, rf circuits
Air 10-365 pF 50 Broadcast receiver
Poly(tetrafluoroethylene) 0.25-1.5 pF 2000 Very high frequency, ultrahigh
frequency

s

Alternating-current voltage at 60 Hz.

Source: McGraw-Hill Encyclopedia of Science and Technology, 8th ed., Vol. 3, McGraw-Hill, New York, 215. With

permission.

B lattice in which part of the boron atoms have
been replaced by carbon atoms. SiC exists in a
number of crystalline polytypes, both cubic
(diamond or zinc blende structures) and hexag-
onal (wurtzite type). All these structures may
be described on the basis that every silicon atom
is surrounded tetrahedrally by four carbon
atoms and that every carbon atom is surrounded
tetrahedrally by four silicon atoms.

Properties of carbides that make them
unique are their extreme hardness, exceptional
corrosion resistance, extreme refractoriness,
high Young’s modulus of elasticity, and high-
temperature strength.
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The simplest method to produce carbides is
a direct combination of the metal with carbon,
used exclusively in the preparation of carbides
where purity is more important than cost con-
siderations. Most carbides are, however, pre-
pared by reduction of metal oxides with carbon.

With the exception of SiC, all carbide bod-
ies are fabricated using powder metallurgical
techniques, i.e., sintering and hot pressing. SiC
bodies are formed by infiltrating a preformed
carbonaceous body with elemental silicon,
forming SiC in the shape desired.

Complete pump assemblies have been built
to transfer molten metals (corrosion resis-
tance); pipes for heat exchangers (high thermal



conductivity); cyclone separators and sandblast
nozzles (abrasion resistance); rocket nozzles
(refractoriness and erosion resistance); elec-
tric-light sources (high melting temperature);
and suction box covers for papermaking
machines (ability to retain smooth finish with-
out wear).

Several metal carbides mentioned above
qualify as engineering ceramics. Most com-
monly used are B,C and SiC.

B,C is noted for its very high hardness and
low density — unusual qualities for a brittle
ceramic — which qualify this ceramic for
lightweight, bulletproof armor plate. The mate-
rial has the best abrasion resistance of any
ceramic, so it is also specified for pressure-
blasting nozzles and similar high-wear appli-
cations. A limitation of B,C is its low strength
at high temperatures.

Despite its higher cost, SiC is challenging
Al,O,, particularly for the more critical appli-
cations. SiC is one of the high-temperature,
high-strength “superstars” of the engineering
ceramics. It is one of the strongest structural
ceramics for high-temperature oxidation-resis-
tant service. However, SiC does not easily self-
bond. Consequently, many processing varia-
tions have been devised to fabricate parts from
this material, creating a number of trade-offs in
cost, fabricability, and properties. The ceramic
can be consolidated by hot pressing. Under the
combination of high temperature and pressure
— with, in some cases, additives that act as
bond-forming catalysts — fully dense material
can be formed.

The hot-pressed ceramic is extremely
strong and tough at high temperatures, but the
manufacturing process is limited to simple
shapes, bars, or billets. Complex parts made by
hot pressing must be machined to shape — a
slow and costly process of ultrasonic machin-
ing, EDM (if possible), or diamond grinding.

On the other hand, SiC particles can be
bonded without pressure by a number of pro-
cesses, variously called reaction bonding,
recrystallization (for SiC), or reaction sintering.
With these processes, “green” parts can be dry
or isostatically pressed, extruded, slip-cast, or,
in some cases, formed by conventional plastic
molding techniques such as injection molding,
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then sintered. Complex shapes, close to finished
size, can be produced by these techniques, but
the ceramic is only about 80% as dense as the
hot-pressed counterpart and has lower strength
and poorer thermal shock resistance. SiC —
either hot pressed or reaction bonded — is not
as strong as Si;N, up to about 1427°C; Si;N,
grain boundaries soften, or creep, and strength
drops. Above 1427°C, SiC is the stronger
ceramic. At 1316°C, however, strength of hot-
pressed ceramics nearly equals that of reaction-
bonded ceramics.

Hot-pressed SiC is harder and more diffi-
cult to EDM than Si;N,, which has lower ther-
mal expansion and better thermal shock resis-
tance than SiC. Electrical resistivity of SiC is
low at low frequencies and high at high fre-
quencies — an unusual characteristic that qual-
ifies this material as a semiconductor.

RerrRacTORY HARD METALS

Refractory hard metals (RHMs) are a ceramic-
like class of materials made from metal-carbide
particles bonded together by a metal matrix.
Often classified as ceramics and sometimes
called cemented or sintered carbides, these met-
als were developed for extreme hardness and
wear resistance.

The RHMs are more ductile and have better
thermal shock resistance and impact resistance
than ceramics, but they have lower compressive
strength at high temperatures and lower oper-
ating temperatures than most ceramics. Gener-
ally, properties of RHMs are between those of
conventional metals and ceramics. Parts are
made by conventional powder-metallurgy com-
pacting and sintering methods. Many metal car-
bides such as SiC and B,C are not RHMs but
are true ceramics. The fine distinction is in par-
ticle binding: RHMs are always bonded
together by a metal matrix, whereas ceramic
particles are self-bonded. Some ceramics have
a second metal phase, but the metal is not used
primarily for bonding.

Four RHM systems are used for structural
applications and, in most cases, several grades
are available within each system. WC with a 3
to 20% matrix of cobalt is the most common
structural RHM. The low-cobalt grades are used
for applications requiring wear resistance; the



high-cobalt grades serve where impact resis-
tance is required.

TaC and WC combined in a matrix of
nickel, cobalt, and/or chromium provide an
RHM formulation especially suited for a com-
bination of corrosion and wear resistance. Some
grades are almost as corrosion resistant as plat-
inum. Nozzles, orifice plates, and valve com-
ponents are typical uses.

TiC in a molybdenum and nickel matrix is
formulated for high-temperature service. Ten-
sile and compressive strengths, hardness, and
oxidation resistance are high as 1093°C. Crit-
ical parts for welding and thermal metalwork-
ing tools, valves, seals, and high-temperature
gauging equipment are made from grades of
this RHM.

Tungsten-titanium carbide (WTiC,) in
cobalt is used primarily for metal-forming
applications such as draw dies, tube-sizing
mandrels, burnishing rolls, and flaring tools.
The WTiC, is a gall-resistant phase in the RHM
containing WC as well as cobalt.

CARBON

Carbon is a nonmetallic element, symbol C,
existing naturally in several allotropic forms,
and in combination as one of the most widely
distributed of all the elements. It is quadriva-
lent, and has the property of forming chain and
ring compounds, and there are more varied and
useful compounds of carbon than of all the
other elements. The black amorphous carbon
has a specific gravity of 1.88; the black crystal-
line carbon known as graphite has a specific
gravity of 2.25; the transparent crystalline car-
bon, as in the diamond, has a specific gravity
of 3.51. Amorphous carbon is not soluble in any
known solvent. It is infusible, but sublimes at
3500°C, and is stable and chemically inactive
at ordinary temperatures. At high temperatures
it burns and absorbs O,, forming the simple
oxides CO and CO,; the latter is the stable oxide
present in the atmosphere and a natural plant
food. Carbon dissolves easily in some molten
metals, notably iron, exerting great influence on
them. Steel, with small amounts of chemically
combined carbon, and cast iron, with both
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combined carbon and graphitic carbon, are
examples of this.

Carbon occurs as hydrocarbons in petro-
leum, and as carbohydrates in coal and plant
life, and from these natural basic groupings an
infinite number of carbon compounds can be
made synthetically. Carbon for chemical, met-
allurgical, or industrial use is marketed in the
form of compounds in a large number of dif-
ferent grades, sizes, and shapes; or in master
alloys containing high percentages of carbon;
or as activated carbons, charcoal, graphite, car-
bon black, coal-tar carbon, petroleum coke; or
as pressed and molded bricks or formed parts
with or without binders or metallic inclusions.
Natural deposits of graphite, coal tar, and petro-
leum coke are important sources of elemental
carbon.

Combined with carbonaceous binders, such
as tars, pitches, and resins, the carbon is com-
pacted by molding or extrusion, and baked at
between 816 and 1649°C to produce what is
known as industrial carbon or baked carbon.
Conventional industrial graphite (Gr) is made
by mixing mined, natural graphite with carbon
to produce in effect a C—Gr composite, or baked
carbon can be heat treated at about 2985°C, at
which temperature the carbon graphitizes.

Manufactured or artificial carbon has a two-
phase structure consisting of carbon particles
(or grains) in a matrix of binder carbon. Both
phases consist essentially of disordered, or
uncrystallized, carbon surrounding embryonic
carbon crystallites.

Graphites, except for the pyrolytic types,
have a two-phase structure similar to that of
carbon, but as the result of high-temperature
processing contain well-developed graphite
crystallites in both phases. These multicrystal-
line graphites exhibit many of the properties of
single-crystal graphite, such as high electrical
conductivity, lubricity, and anisotropy. Com-
pared to carbon, graphite has higher electrical
and heat conductivity, better lubricity, and is
easier to machine. Because of their more favor-
able properties, graphites have broader applica-
tion as engineering materials than do carbons.
Further discussion on graphite will be found
under Graphite.




Tyres AND FOrMs OF CARBON

Elemental carbon exists in two well-defined
crystalline allotropic forms, diamond and
graphite. Other forms, which are poorly devel-
oped in crystallinity, are charcoal, coke, and
carbon black.

Charcoal is prepared by the ignition of
wood, sugar, blood, and other carbon-contain-
ing compounds in the absence of air. X-ray
diffraction studies reveal that it has a graphite
structure but is not very well developed in crys-
tallinity. The lack of crystallinity is the result
of defects in the crystal structure and the high
surface area. In the activated state, charcoal
adsorbs gases, liquids, and solids.

Coke, another form of amorphous carbon,
is prepared by heating coal in the absence of
air. It is used primarily for the reduction of
metal oxides to the free metals.

Chemically pure carbon is prepared by the
thermal decomposition of sugar (sucrose) in the
absence of air. Impurities in the carbon are
removed by treatment with chlorine (Cl) gas at
red heat. The substance is then washed with

water and the low residual chlorine is removed
by heating in an atmosphere of H, gas.

Carbon-13 is one of the isotopes of carbon,
used as a tracer in biologic research where its
heavy weight makes it distinguished from other
carbon. Carbon-14, or radioactive carbon, has
a longer life. It exists in the air, formed by the
bombardment of N, by cosmic rays at high
altitudes, and enters into the growth of plants.
The half-life is about 6000 years. It is made
from N, in a cyclotron.

CARrBON FiBERS/YARN/FABRIC/WoOOL

These forms are made by pyrolysis of organic
precursor fibers in an inert atmosphere. Pyroly-
sis temperatures can range from 1000 to 3000°C;
higher process temperatures generally lead to
higher-modulus fibers. Only three precursor
materials, rayon, polyacrylonitrile (PAN), and
pitch have achieved significance in commercial
production of carbon fibers (see Table C.2). The
first high-strength and high-modulus carbon
fibers were based on a rayon precursor. These
fibers were obtained by being stretched to sev-
eral times their original length at temperatures

TABLE C.2
Carbon Fibers

Nominal Fiber Modulus (10° psi)

Pan Fibers Pitch Fibers
302 40b 40¢ 504 70¢ 50f 758 100+h
Fiber strength 500 820 650 350 300 275 300 360
(103 psi)
Tensile modulus 33 41 42 57 75 55 75 110
(109 psi)
Composite strength
(103 psi)
Longitudinal 250 470 360 205 110 135 140 180
Transverse 10 10 10 5 4 5 5 3
Composite strength
(10° psi)
Longitudinal 20 25 25 35 44 35 49 72
Transverse 2 2 1.5 1 4 1 1 1

2 Thornel 300 (Amoco).
® Thornel T-40.

¢ Thornel T650/42.

4 Thornel 50 PAN.

¢ Celanese GY-70.
f Thornel P-558S.
¢ Thornel P-75S.
b Thornel P-1008S.

Source: Mach. Design Basics Eng. Design, June, p. 730, 1993. With permission.
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above 2800°C. The second generation of carbon
fibers is based on a PAN precursor and has
achieved market dominance. In their most com-
mon form, these carbon fibers have a tensile
strength ranging from 2413-3102 MPa, a mod-
ulus of 0.2-0.5 GPa, and a shear strength of
90-117 MPa. This last property controls the
traverse strength of composite materials. The
high-modulus fibers are highly graphitic in crys-
talline structure after being processed from PAN
at temperatures in excess of 1982°C. Higher-
strength fibers obtained at lower temperatures
from rayon feature a higher carbon crystalline
content. There are also carbon and graphite fibers
of intermediate strength and modulus. The third
generation of carbon fibers is based on pitch as
a precursor. Ordinary pitch is an isotropic mix-
ture of largely aromatic compounds. Fibers spun
from this pitch have little or no preferred orien-
tation and hence low strength and modulus. Pitch
is a very inexpensive precursor compared with
rayon and PAN. High-strength and high-modu-
lus carbon fibers are obtained from a pitch that
has first been converted into a mesophase (liquid
crystal). These fibers have a tensile strength of
more than 2069 MPa, and a Young’s modulus
ranging from 0.38 to 0.52 GPa.

The average filament diameter of continu-
ous yarn is 0.008 mm. Pitch-based carbon and
graphite fibers are expected to see essentiallv
the same applications as the more costly PAN
and rayon-derived fibers, e.g., ablative, insula-
tion, and friction materials and in metals and
resin matrices.

Carbon fibers added to thermoplastic resins
provide the highest strength, modulus, heat-
deflection temperature, creep, and fatigue —
endurance values commercially available in
composites. These property improvements, cou-
pled with greatly increased thermal conductivity
and low friction coefficients, make carbon fibers
ideal for wear and frictional applications where
the higher cost can be tolerated. In applications
where the abrasive nature of glass fibers wears
the mating surface, the softer carbon fibers can
be substituted to reduce the wear rate. Carbon
fibers can also be used in conjunction with inter-
nal lubricants to further improve surface char-
acteristics of most thermoplastic resin system.

Another useful property of carbon-fiber-
reinforced thermoplastics is their low volume
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and surface resistivities. Most resin systems
reinforced with 15% or more carbon fibers can
effectively dissipate static charge, which is a
problem common to gears, slides, and bearings
used in business machine, textile, electrical, and
conveying equipment.

Thornel is a yarn made from these filaments
for high-temperature fabrics. It retains its
strength to temperatures above 1538°C. Carbon
yarn is 99.5% pure carbon. It comes in plies
from 2 to 30, with each ply composed of 720
continuous filaments of 0.0076-mm diameter.
Each ply has a breaking strength of 0.91 kg.
The fiber has the flexibility of wool and main-
tains dimensional stability to 3150°C. Ucar is
a conductive carbon fabric made from carbon
yarns woven with insulating glass yarns with
resistivities from 0.2 to 30€2 for operating tem-
peratures to 288°C. Carbon wool, for filtering
and insulation, is composed of pure carbon
fibers made by carbonizing rayon. The fibers,
5 to 50 um in diameter, are hard and strong,
and can be made into rope and yarn, or the mat
can be activated for filter use.

CARBON
BrUsHES/BRick/PAPER/ELECTRODES

Carbon brushes for electric motors and gener-
ators, and carbon electrodes, are made of car-
bon in the form of graphite, petroleum coke,
lampblack, or other nearly pure carbon, some-
times mixed with copper powder to increase the
electric conductivity, and then pressed into
blocks or shapes and sintered.

Carbon brick, used as a lining in the chem-
ical-processing industries, is carbon com-
pressed with a bituminous binder and then car-
burized by sintering. If the binder is capable of
being completely carbonized, the bricks are
impervious and dense.

There is a carbon filter paper for filtering
hot gases and liquids made from carbon fibers
pressed into a paperlike mat, 0.18 to 0.127 mm
thick, and impregnated with activated carbon.

Diamond

Diamond is the cubic crystalline form of car-
bon. When pure, diamond is water clear, but
impurities add shades of opaqueness including




black. It is the hardest natural material with a
hardness on the Knoop scale ranging from 5500
to 7000. It will scratch and be scratched by the
hardest anthropogenic material Borozon. It has
a specific gravity of 3.5. Diamond has a melting
point of around 3871°C, at which point it will
graphitize and then vaporize. Diamonds are
generally electrical insulators and nonmagnetic.
Synthetic diamonds are produced from graphite
at extremely high pressures (5444 to 12,359.9
MPa) and temperatures from 1204 to 2427°C.
They are up to 0.01 carat in size and are com-
parable to the quality of industrial diamonds.
In powder form they are used in cutting wheels.
Of all diamonds mined, about 80% by weight
are used in industry. Roughly 45% of the total
industrial use is in grinding wheels. Tests have
shown that under many conditions synthetic
diamonds are better than mined diamonds in
this application.

CARBIDES

Carbon forms binary compounds known as
carbides with elements less electronegative
than carbon (C—H, compounds are excluded).
Effectively then, carbides are composed of
metal-carbon compounds if boron and silicon
are included among the normal metals. Essen-
tially no volatile compounds (except AIC) are
known, because decomposition sets in at higher
temperatures before volatization of the carbide
as such can occur.

Most carbides can be prepared by heating
a mixture of the powdered metal and carbon,
usually to high temperatures, but not necessar-
ily as high as the melting point. Generally, the
same result is possible by heating a mixture of
the oxide of the metal with carbon.

It is useful to classify carbides as ionic (salt-
like), metallic (interstitial), and covalent. The
more electropositive elements (groups I, II, and
III, and to some extent, members of the lan-
thanide and actinide series of the periodic sys-
tem) form ionic carbides with transparent (or
saltlike) crystals.

Highly refractory covalent carbides are
formed with silicon and boron. SiC (diamond
structure) is formed from a mixture of SiO,
and coke. The very hard B,C can be made
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similarly from its oxide; it is unusual both
structurally and in having a fairly high elec-
trical conductivity.

The carbides of chromium, manganese,
iron, cobalt, and nickel are intermediate
between the interstitial and covalent types, but
are much nearer the former in properties. The
presence of Fe;C in iron is an important factor
in the properties of steel.

MECHANICAL/ THERMAL/ ELECTRICAL/ OTHER
PROPERTIES

Compared to metals and most polymers, room-
temperature tensile strengths of conventional
carbon and graphite are low, ranging from 6.8
to 9.16 MPa. Compressive strengths range from
20.6 to 54.9 MPa. These are generally with-
grain values (i.e., specimen length is parallel to
the grain).

Carbon and graphite do not have a true
melting point. They sublime at 4399°C. Con-
ventional graphites have exceptionally high
thermal conductivity at room temperature,
whereas carbon has only fair conductivity. Con-
ductivity with the grain in graphite is compara-
ble to that of aluminum; across the grain it is
about the same as brass. Conductivity increases
with temperature up to about 0°C; it then
remains relatively high, but decreases slowly
over a broad temperature range, before it drops
sharply. In pyrolitic graphite, thermal conduc-
tivity with the grain approaches that of copper;
across grain, it serves as a thermal insulator and
is comparable to that of ceramics.

Thermal expansion of carbon and graphite
is quite low (1 to 1.5 x 10%/°F)—less than
one third that of many metals. Expansion of
graphite across grain increases with increas-
ing density, whereas along the grain it
decreases with increasing density. But expan-
sion increases in both directions with increas-
ing temperatures.

The electrical characteristics associated
with carbon and graphite use as electrodes or
anodes are relatively well known. Carbon and
graphite are actually semiconductors, with their
electrical resistivity, or conductivity, falling
between those of common metals and common
semiconductors. At temperatures approaching



absolute zero, carbon and graphite have few
conducting electrons, the number increasing
with increasing temperature. Thus, electrical
resistivity decreases with increasing tempera-
ture. On the other hand, although increasing
electron density tends to reduce resistivity as
temperature rises, scattering effects may
become dominant at certain temperatures in the
range of 982°C and thus modify or even reverse
this trend. Pyrolytic graphite with its higher
density has improved electrical conductivity
(along the grain). Further, its high degree of
anisotropy results in a high degree of electrical
resistivity across the grain.

Other properties of graphite are excellent
lubricity and relatively low surface hardness;
carbon has fair lubricity and relatively high sur-
face hardness. Further, certain types of carbon
graphitize relatively easily; others do not. Con-
sequently, a wide variety of carbon, C—Gr, and
graphite materials are available, each designed
to provide specific types of surface characteris-
tics for such uses as bearings and seals. Grades
are also available impregnated with a wide vari-
ety of substances, from synthetic resin or oil to
a bearing metal.

The nuclear grades of carbon and graphite
are of exceptionally high purity. As a moderator
and reflector in nuclear reactors, they have no
equal because of their low thermal neutron
absorption cross section and high scattering
cross section coupled with high strength at ele-
vated temperatures and thermal stability in non-
oxidizing environments. In general, the proper-
ties of carbon and graphite are improved by
exposure to nuclear radiation. Hardness and
strength increase while thermal and electrical
conductivity decrease.

APPLICATIONS

The free element of carbon has many uses,
ranging from ornamental applications of the
diamond in jewelry to the black-colored pig-
ment of carbon black in automobile tires and
printing inks. Another form of carbon, graphite,
is used for high-temperature crucibles, arc-light
and dry-cell electrodes, lead pencils, and as a
lubricant. Charcoal, an amorphous form of car-
bon, is used as an absorbent for gases and as a
decolorizing agent.
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The compounds of carbon find many uses.
CO, is used for the carbonation of beverages,
for fire extinguishers, and in the solid state as
a refrigerant. CO finds use as a reducing agent
for many metallurgical processes. Carbon tet-
rachloride and carbon disulfide are important
solvents for industrial uses. Gaseous dichloro-
difluoromethane, commonly known as Freon,
is used in refrigeration devices. Calcium car-
bide is used to prepare acetylene, which is used
for the welding and cutting of metals as well as
for the preparation of other organic compounds.
Other metal carbides find important uses as
refractories and metal cutters.

Carbon nanotubes may one day be used to
construct extremely small-scale circuits. Scien-
tists have observed ballistic conductance —
electrons passing through a conductor without
heating it — at room temperature in 5-jm car-
bon nanotubes. Because the nanotubes remain
cool, extremely large current densities can flow
through them.

The most common use of manufactured
carbon is as sliding elements in mechanical
devices. It is used as the primary rubbing face
in most mechanical seals. Used as a brush, it
transfers electrical current to the rotating com-
mutator on small electric motors. Carbon vanes,
piston rings, or cylinder liners are used in most
small air pumps and drink-dispenser pumps.
Carbon is also used for pistons in chemical-
metering pumps and for metering valves in gas-
oline pumps. All these applications require the
carbon to slide on metal with a coefficient of
friction below 0.2 and a wear rate below 0.001
in. per million inches rubbed.

Bearings are another significant applica-
tion area for manufactured carbon. In many
cases, characteristics of the carbon bearing are
tailored to satisfy a wide range of require-
ments. This is done by impregnating the
porous, as-baked or as-graphitized carbon with
various materials — for example, resin, bab-
bitt, copper, or glass — or by combining
impregnation with chemical conversion of the
carbon surface (to hard SiC).

These self-lubricating materials are par-
ticularly suited for environments containing
dust or lint, repeated steam cleaning, sol-
vents or corrosive fluids, low or high tem-
peratures, high static loads, or hard vacuums.




Some of these conditions require impreg-
nants in the carbon material. Other applica-
tions using manufactured carbon bearings
are those inaccessible for lubrication or
where product contamination (from lubri-
cants) cannot be tolerated.

CARBON-CARBON
COMPOSITES

Carbon—carbon composites (C—C) provide high
strength, light weight, and resistance to high
temperature and corrosion for pistons in both
stationary and mobile engines.

Advantages in using carbon—carbon for
both gasoline and diesel engines include
increased performance (higher power output
and faster engine acceleration); higher temper-
ature operation for improved fuel economys;
reduced levels of air pollutant emissions; and
reduced noise, vibration, and harshness (NVH)
levels. These benefits also could provide lower
operational costs and reduced environmental
impact.

Another carbon—carbon originally devel-
oped for use as rocket nozzles is now a replace-
ment for graphite, quartz, and ceramic furnace
components used in Czochralski crystal pull-
ing, a processing step in semiconductor manu-
facturing. The material has a high strength-to-
weight ratio, maintains its strength and rigidity
despite high temperatures, resists wear, and is
relatively chemically inert. When used in Czo-
chralski furnaces, the thermal properties of the
material lead to a 10% reduction in energy use
and a 50% cut in cooling times. Because of the
purity of the material, chipmakers achieve a 7%
increase in wafer yields compared to furnaces
with graphite components. More information
can be found under Composite Materials.

CARBON MONOXIDE

Carbon monoxide (CO) is a product of incom-
plete combustion, and is very reactive. It is one
of the desirable products in synthesis gas for
making chemicals; the synthesis gas made from
coal contains at least 37% CO. It is also recov-
ered from top-blown O, furnaces in steel mills.
It reacts with H, to form methanol, which is
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then catalyzed by zeolites into gasoline. Acetic
acid is made by methanol carbonylation, and
acrylic acid results from the reaction of CO,
acetylene, and methanol. CO forms a host of
neutral, anionic, and cationic carbonyls, with
such metals as iron, cobalt, nickel, molybde-
num, chromium, rhodium, and ruthenium.
These metals are from groups I, II, VI, VII, and
VIII of the periodic table. The metal carbonyls
can be prepared by the direct combination of
the metal with CO, although several of the com-
pounds require fairly high pressures. The metal
carbonyls react with the halogens to produce
metal carbonyl halides. With H,, a similar reac-
tion takes place to form metal carbonyl
hydrides.

Nickel carbonyl finds application in purifi-
cation and separation of nickel from other met-
als. Iron carbonyl has been used in antiknock
gasoline preparations and to prepare high-
purity iron metal.

CO is an intense poison when inhaled and
is extremely toxic even in the small amounts
from the exhausts of internal-combustion
engines.

With chlorine, in the presence of sunlight,
CO forms highly poisonous phosgene, COCl,;
with sulfur, carbonyl sulfide, COS, is obtained.

CARBON NITRIDE

Traditional materials synthesis techniques,
which require high-temperature conditions to
facilitate diffusion of atoms in the solid state,
generally preclude the rational assembly of
atoms since the products are restricted to those
phases stable at high temperature. For example,
heating graphite in molecular N, does not pro-
vide carbon nitride (C-N) solids. However,
binary C—N solids are desirable materials to pre-
pare and study because they may possess
extreme hardness and high thermal conductivity.
Extreme hardness is important in thin-film coat-
ings of cutting tools used for machining and in
bearing surfaces used in a variety of high-perfor-
mance mechanical devices, whereas high ther-
mal conductivity is important to the fabrication
of advanced microelectronics devices. To over-
come the limitations imposed by classical meth-
odologies of solid-state chemistry and provide
access to these potentially exciting materials



requires better control of the reactants and reac-
tions that might lead to C—N solids. A new exper-
imental approach that meets these requirements
and has provided access to C-N materials uti-
lizes pulsed-laser evaporation of graphite to gen-
erate reactive carbon fragments and an atomic
N, beam as a source of N, that can readily react
with the carbon fragments.

The atomic N, beam is generated by using
a radio-frequency discharge within an Al,O,
nozzle through which N, seeded in helium
flows. This process produces a very high flux
of atomic N,. Furthermore, by varying the
N,:He ratio and the radio-frequency power, it
is possible to control both the flux and energy
of this critical reactant. Hence, this synthetic
approach provides a ready means of producing
reactants that are free from impurities and that
have controllable energies.

STRUCTURE

The structural properties of the C—N materials
produced by the laser ablation approach have
been investigated and show that carbon and N,
are bound covalently within this solid but can-
not provide information about the three-dimen-
sional structure. Diffraction ring patterns sug-
gest that a single crystalline C—-N phase was
obtained by using the new synthetic strategy.

OTHER KEY PROPERTIES

The new C—N materials also exhibit interesting
physical properties that may be attractive for
high-performance engineering applications.
Qualitative scratch tests indicate that C-N
materials produced by the new laser ablation
technique are hard. For example, rubbing C-N
and hard amorphous carbon surfaces against
one another produces damage in the carbon but
not the C—N material.

Studies have shown that C—N is an excellent
electrical insulator, and that these electrical
properties are stable to thermal cycling.
Because C—N is also expected to exhibit good
thermal conductivity, it could be an attractive
candidate for the dielectric in advanced micro-
electronic devices where thermally conducting
electrical insulators are needed to enable further
miniaturization of devices.
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CARBON STEEL

Carbon (C) steel, also called plain carbon steel,
is a malleable, iron-based metal containing car-
bon, small amounts of manganese, and other
elements that are inherently present. The old
shop names, machine steel and machinery steel,
are still used to mean any easily worked low-
carbon steel. By definition, plain carbon steels
are those that contain up to about 1% carbon,
not more than 1.65% manganese, 0.60% sili-
con, and 0.60% copper, and only residual
amounts of other elements, such as sulfur
(0.05% max) and phosphorus (0.04% max).
They are identified by means of a four-digit
numerical system established by the American
Iron and Steel Institute (AISI). The digits are
preceded by either “AISI” or “SAE.” The first
digit is the number 1 for all carbon steels. A 0
after the 1 indicates nonresulfurized grades, a
1 for the second digit indicates resulfurized
grades, and the number 2 for the second digit
indicates resulfurized and rephosphorized
grades. The last two digits give the nominal
(middle of the range) carbon content, in hun-
dredths of a percent. For example, for grade
1040, the 40 represents a carbon range of 0.37
to 0.44%. If no prefix letter is included in the
designation, the steel was made by the basic
open-hearth, basic O,, or electric furnace pro-
cess. The prefix B stands for the acid Bessemer
process, which is obsolete, and the prefix M
designates merchant quality. The letter L
between the second and third digits identifies
leaded steels, and the suffix H indicates that the
steel was produced to hardenability limits.

For all plain carbon steels, carbon is the
principal determinant of many performance
properties. Carbon has a strengthening and
hardening effect. At the same time, it lowers
ductility, as evidenced by a decrease in elonga-
tion and reduction of area. In addition, increas-
ing carbon content decreases machinability and
weldability, but improves wear resistance. The
amount of carbon present also affects physical
properties and corrosion resistance. With an
increase in carbon content, thermal and electric
conductivity decline, magnetic permeability
decreases drastically, and corrosion resistance
is less.




Carbon steels may be specified by chemical
composition, mechanical properties, method of
oxidation, or thermal treatment (and the result-
ing microstructure). Carbon steels are available
in most wrought mill forms, including bar,
sheet, plate, pipe, and tubing. Sheet is primarily
a low-carbon-steel product, but virtually all
grades are available in bar and plate. Plate,
usually a low-carbon or medium-carbon prod-
uct, is used mainly in the hot-finished condition,
although it also can be supplied heat-treated.
Bar products, such as rounds, squares, hexago-
nals, and flats (rectangular cross sections), are
also mainly low-carbon and medium-carbon
products and are supplied hot-rolled or hot-
rolled and cold-finished. Cold finishing may be
by drawing (cold-drawn bars are the most
widely used); turning (machining) and polish-
ing; drawing, grinding, and polishing; or turn-
ing, grinding, and polishing. Bar products are
also available in various quality designations,
such as merchant quality (M), cold-forging
quality, cold-heading quality, and several oth-
ers. Sheet products also have quality designa-
tions as noted in low-carbon steels, which fol-
low. Plain carbon steels are commonly divided
into three groups, according to carbon content:
low carbon, up to 0.30%; medium carbon, 0.31
to 0.55%; and high carbon, 0.56 to 1%.

Low-carbon steels are the grades AISI 1005
to 1030. Sometimes referred to as mild steels,
they are characterized by low strength and high
ductility, and are nonhardenable by heat treat-
ment except by surface-hardening processes.
Because of their good ductility, low-carbon
steels are readily formed into intricate shapes.
These steels are also readily welded without
danger of hardening and embrittlement in the
weld zone. Although low-carbon steels cannot
be through-hardened, they are frequently sur-
face-hardened by various methods (carburizing,
carbonitriding, and cyaniding, for example) that
diffuse carbon into the surface. Upon quench-
ing, a hard, wear-resistant surface is obtained.

Low-carbon sheet and strip steels (1008 to
1012) are widely used in cars, trucks, appli-
ances, and many other applications. Hot-rolled
products are usually produced on continuous
hot strip mills. Cold-rolled products are then
made from the hot-rolled products, reducing
thickness and enhancing surface quality. Unless
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the fully work-hardened product is desired, it
is then annealed to improve formability and
temper-rolled to further enhance surface qual-
ity. Hot-rolled sheet and strip and cold-rolled
sheet are designated commercial quality (CQ),
drawing quality (DQ), drawing quality special
killed (DQSK), and structural quality (SQ). The
first three designations refer, respectively, to
steels of increasing formability and mechanical
property uniformity. SQ, which refers to steels
produced to specified ranges of mechanical
properties and/or bendability values, does not
pertain to cold-rolled strip, which is produced
to several tempers related to hardness and bend-
ability. Typically, the hardness of CQ hot-rolled
sheet ranges from Rb 40 to 75 and tensile prop-
erties range from ultimate strengths of 276 to
469 MPa, yield strengths of 193 to 331 MPa,
and elongations of 14 to 43%. For DQ hot-
rolled sheet: Rb 40 to 72, 276 to 414 MPa, 186
to 310 MPa, and 28 to 48%, respectively. For
CQ cold-rolled sheet: Rb 35 to 60, 290 to 393
MPa, 159 to 262 MPa, and 30 to 45%. And for
DQ cold-rolled sheet: Rb 32 to 52, 262 to 345
MPa, 138 to 234 MPa, and 34 to 46%.

Low-carbon steels 1018 to 1025 in cold-
drawn bar (16 to 22 mm thick) have minimum
tensile properties of about 483 MPa ultimate
strength, 413 MPa yield strength, and 18%
elongation. Properties decrease somewhat with
increasing section size, to, for example, 379
MPa, 310 MPa, and 15%, respectively, for 50-
to 76-mm cross sections.

Medium-carbon steels are the grades AISI
1030 to 1055. They usually are produced as
killed, semikilled, or capped steels, and are
hardenable by heat treatment. However, harden-
ability is limited to thin sections or to the thin
outer layer on thick parts. Medium-carbon
steels in the quenched and tempered condition
provide a good balance of strength and ductility.
Strength can be further increased by cold work.
The highest hardness practical for medium-car-
bon steels is about 550 Bhn (Rockwell C55).
Because of the good combination of properties,
they are the most widely used steels for struc-
tural applications, where moderate mechanical
properties are required. Quenched and tem-
pered, their tensile strengths range from about
517 to over 1034 MPa.



Medium-carbon steel 1035 in cold-drawn
bar 16 to 22 mm thick has minimum tensile
properties of about 586 MPa ultimate strength,
517 MPa yield strength, and 13% elongation.
Strength increases and ductility decreases with
increasing carbon content, to, for example, 689
MPa, 621 MPa, and 11%, respectively, for
medium-carbon steel 1050. Properties
decrease somewhat with increasing section
size, to, for example, 483 MPa, 414 MPa, and
10%, respectively, for 1035 steel 50- to 76-mm
cross sections.

High-carbon steels are the grades AISI
1060 to 1095. They are, of course, hardenable
with a maximum surface hardness of about
Rockwell C64 achieved in the 1095 grade.
These steels are thus suitable for wear-resistant
parts. So-called spring steels are high-carbon
steels available in annealed and pretempered
strip and wire. In addition to their spring appli-
cations, these steels are used for such items as
piano wire and saw blades. Quenched and tem-
pered, high-carbon steels approach tensile
strengths of 1378 MPa.

Free-machining carbon steels are low-car-
bon and medium-carbon grades with additions
usually of sulfur (0.08 to 0.13%), S—P combi-
nations, and/or lead to improve machinability.
They are AISI 1108 to 1151 for sulfur grades,
and AISI 1211 to 1215 for phosphorus and sul-
fur grades. The latter may also contain bismuth
(Bi) and be lead free. The presence of relatively
large amounts of sulfur and phosphorus can
reduce ductility, cold formability, forgeability,
weldability, as well as toughness and fatigue
strength. Calcium deoxidized steels (carbon
and alloy) have good machinability, and are
used for carburized or through-hardened gears,
worms, and pinions.

Low-temperature carbon steels have been
developed chiefly for use in low-temperature
equipment and especially for welded pressure
vessels. They are low-carbon to medium-carbon
(0.20 to 0.30%), high-manganese (0.70 to
1.60%), silicon (0.15 to 0.60%) steels, which
have a fine-grain structure with uniform carbide
dispersion. They feature moderate strength with
toughness down to —46°C.

For grain refinement and to improve form-
ability and weldability, carbon steels may
contain 0.01 to 0.04% columbium. Called
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columbium steels, they are used for shafts,
forgings, gears, machine parts, and dies and
gauges. Up to 0.15% sulfur, or 0.045 phos-
phorus, makes them free-machining, but
reduces strength.

Rail steel, for railway rails, is characterized
by an increase of carbon with the weight of the
rail. Railway engineering standards call for 0.50
to 0.63% carbon and 0.60% manganese in a 27-
kg rail, and 0.69 to 0.82% carbon and 0.70 to
1.0 manganese in a 64-kg rail. Rail steels are
produced under rigid control conditions from
deoxidized steels, with phosphorus kept below
0.04%, and silicon 0.10 to 0.23%. Guaranteed
minimum tensile strength of 551 MPa is spec-
ified, but it is usually much higher.

Sometimes a machinery steel may be
required with a small amount of alloying ele-
ment to give a particular characteristic and still
not be marketed as an alloy steel, although trade
names are usually applied to such steels. Super-
plastic steels, developed at Stanford University,
with 1.3 to 1.9% carbon, fall between high-
carbon steels and cast irons. They have elonga-
tions approaching 500% at warm working tem-
peratures of 538 to 650°C, and 4 to 15% elon-
gation at room temperature. Tensile strengths
range from 1034 to over 1378 MPa. The extra-
high ductility is a result of a fine, equiaxed grain
structure obtained by special thermomechanical
processing.

ProbucTiON TYPES

Steelmaking processes and methods used to
produce mill products, such as plate, sheet, and
bars, have an important effect on the properties
and characteristics of a steel.

Deoxidation Practice

Steels are often identified in terms of the degree
of deoxidation resulting during steel produc-
tion. Killed steels, because they are strongly
deoxidized, are characterized by high compo-
sition and property uniformity. They are used
for forging, carburizing, and heat-treating appli-
cations. Semikilled steels have variable degrees
of uniformity, intermediate between those of
killed and rimmed steels. They are used for
plate, structural sections, and galvanized sheets
and strip. Rimmed steels are deoxidized only




slightly during solidification. Carbon is highest
at the center of the ingot. Because the outer
layer of the ingot is relatively ductile, these
steels are ideal for rolling. Sheet and strip made
from rimmed steels have excellent surface qual-
ity and cold-forming characteristics. Capped
steels have a thin low-carbon rim, which gives
them surface qualities similar to rimmed steels.
Their cross-section uniformity approaches that
of semikilled steels.

Melting Practice

Steels are also classified as air melted, vacuum
melted, or vacuum degassed. Air-melted steels
are produced by conventional melting methods,
such as open hearth, basic O,, and electric fur-
nace. Vacuum-melted steels encompass those
produced by induction vacuum melting and
consumable electrode vacuum melting. Vac-
uum-degassed steels are air-melted steels that
are vacuum processed before solidification.
Compared with air-melted steels, those pro-
duced by vacuum-melting processes have lower
gas content, fewer nonmetallic inclusions, and
less center porosity and segregation. They are
more costly, but have better mechanical prop-
erties, such as ductility and impact and fatigue
strengths.

Rolling Practice

Steel mill products are produced from various
primary forms such as heated blooms, billets,
and slabs. These primary forms are first reduced
to finished or semi-finished shape by hot-work-
ing operations. If the final shape is produced by
hot-working processes, the steel is known as
hot rolled. If it is finally shaped cold, the steel
is known as cold finished, or more specifically
as cold rolled or cold drawn. Hot-rolled mill
products are usually limited to low and
medium, non-heat-treated, carbon steel grades.
They are the most economical steels, have good
formability and weldability, and are used
widely for large structural shapes. Cold-fin-
ished shapes, compared with hot-rolled prod-
ucts, have higher strength and hardness and bet-
ter surface finish, but are lower in ductility.
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CASE-HARDENING
MATERIALS

Case-hardening materials are those for adding
carbon or other elements to the surface of low-
carbon or medium-carbon steels or to iron so
that upon quenching a hardened case is
obtained, the center of the steel remaining soft
and ductile. The material may be plain charcoal,
raw bone, or mixtures marketed as carburizing
compounds. A common mixture is about 60%
charcoal and 40% barium carbonate. The latter
decomposes, yielding CO,, which is reduced to
CO in contact with the hot charcoal. If charcoal
is used alone, the action is slow and spotty. Coal
or coke can be used, but the action is slow, and
the sulfur in these materials is detrimental. Salt
is sometimes added to aid the carburizing
action. By proper selection of the carburizing
material, the carbon content may be varied in
the steel from 0.80 to 1.20%. The carburizing
temperature for carbon steels typically ranges
from 850 to 950°C but may be as low as 790°C
or as high as 1095°C. The articles to be carbur-
ized for case hardening are packed in metallic
boxes for heating in a furnace, and the process
is called pack hardening, as distinct from the
older method of burying the red-hot metal in
charcoal.

Steels are also case-hardened by the diffu-
sion of carbon and N,, called carbonitriding, or
N, alone, called nitriding. Carbonitriding, also
known as dry cyaniding, gas cyaniding, liquid
cyaniding, nicarbing, and nitrocarburizing,
involves the diffusion of carbon and N, into the
case. Nitriding also may be done by gas or
liquid methods. In carbonitriding, the steel may
be exposed to a carrier gas containing carbon
and as much as 10% ammonia (NH,), the N,
source, or a molten cyanide salt, which provides
both elements. NH;, from gaseous or liquid
salts, is also the N, source for nitriding.
Although low- and medium-carbon steels are
commonly used for carburizing and carboni-
triding, nitriding is usually applied only to alloy
steels containing nitride-forming elements,
such as aluminum, chromium, molybdenum, or
vanadium. In ion nitriding, or glow-discharge
nitriding, electric current is used to ionize low-
pressure N, gas. The ions are accelerated to the
workpiece by the electric potential, and the



workpiece is heated by the impinging ions,
obviating an additional heat source. Of the three
principal case-hardening methods, all provide
a hard wear-resistant case. Carburizing, how-
ever, which gives the greater case depth, pro-
vides the best contact-load capacity. Nitriding
provides the best dimensional control and car-
bonitriding is intermediate in this respect.

The principal liquid-carburizing material is
sodium cyanide, which is melted in a pot that
the articles are dipped in, or the cyanide is
rubbed on the hot steel. Cyanide hardening
gives an extremely hard but superficial case. N,
as well as carbon is added to the steel by this
process. Gases rich in carbon, such as methane,
may also be used for carburizing, by passing
the gas through the box in the furnace. When
NH; gas is used to impart N, to the steel, the
process is not called carburizing but is referred
to as nitriding.

Chromized steel is steel surface-alloyed
with chromium by diffusion from a chromium
salt at high temperature. The reaction of the salt
produces an alloyed surface containing about
40% chromium.

Metalliding is a diffusion coating process
involving an electrolytic technique similar to
electroplating, but done at higher temperatures
(816 to 1093°C). The process uses a molten
fluoride salt bath to diffuse metals and metal-
loids into the surface of other metals and alloys.
As many as 25 different metals have been used
as diffusing metals, and more than 40 as sub-
strates. For example, boride coatings are
applied to steels, nickel-base alloys, and refrac-
tory metals. Beryllide coatings can also be
applied to many different metals by this pro-
cess. The coatings are pore-free and can be
controlled to a tolerance of 0.025 mm.

CASTINGS

Strength and performance of a cast part do not
depend solely on part geometry. Proper alloy
selection is crucial to a cost-effective casting
design and trouble-free engineering and manu-
facturing. Materials selection software has been
developed to help meet the need for information
about alloys. Because the packages are in a
database format, users can search through the
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data to choose those materials that meet their
requirements. Once the basic material selection
has been made, three-dimensional (3-D) mod-
eling, casting simulation, and finite-element
analysis (FEA) software can be used to confirm
the behavior of that material/part combination
during manufacture and in service.

RapiD PROTOTYPING

Computer technologies known as rapid prototyp-
ing allow manufacturers to fabricate 3-D models,
prototypes, patterns, tooling, and production
parts directly from computer-aided design
(CAD) data in a fraction of the total time and
cost of conventional methods. Several practical
rapid prototyping systems are commercially
available, and their use by OEM product parts
designers as well as producers of cast metal parts
and tooling shops are becoming widespread.

Each technology shares the same basic
approach: A computer analyzes a 3-D CAD file
that defines the object to be fabricated and
“slices” the object into thin cross sections. The
cross sections are then systematically recreated
and combined to form a 3-D object.

Here’s a thumbnail sketch of how they
work: Stereolithography recreates the object by
sequentially solidifying layers of photoactive
liquid polymer by exposing the liquid to ultra-
violet light.

Ultimately, scientists hope to develop
numerical simulations that provide enough
information to optimize all the variables in a
casting operation. To improve understanding of
the process and to improve gating design,
researchers use an x-ray system that makes
images of the molten metal as it fills the mold.
Computer codes that predict mechanical prop-
erties are then compared with experimental
results and modified to match the behavior of
specific alloys.

METAL-CASTING PROCESSES

Expendable molds are for use only once (sand
castings); other molds (or dies) are made of
metal (permanent molding and diecasting) and
can be used repeatedly. The pattern must be
removable from the mold without damage, and
the casting must be removable from the mold




or die without damage to either the die or the
casting.

Sand Casting Processes

More than 80% of all castings made in the
United States are produced by green sand mold-
ing. (The term green sand does not refer to
color, but to the fact that a raw sand and binder
mixture has been tempered with water.) Sand
molding is a versatile metal-forming process
that provides freedom of design with respect to
size, shape, and product quality.

Permanent Molding

In permanent mold casting, which also is
referred to as gravity diecasting, a metal mold
(or die) consisting of at least two parts is used
repeatedly, usually for components that require
relatively high production. Molds usually are
made of cast iron, although steel, graphite, cop-
per, and aluminum have been used as mold
materials with varying degrees of success.

When molten metal is poured into a perma-
nent mold, it cools more rapidly than in a sand
mold and produces a finer-grained structure, a
sounder and denser casting, and enhanced
mechanical properties.

Diecasting Process

The diecasting process is used widely for high
production of zinc, lead, tin, aluminum, copper,
and magnesium cast components of intricate
design. Molten alloy is poured manually or
automatically into a shot well and injected into
the die under pressure. An important factor in
diecasting machine operation is the locking
force (in tons), which keeps the die halves
firmly closed against the injection pressure
exerted by the plunger as it injects the molten
metal.

There are two basic types of diecasting
machines — hot chamber and cold chamber.
The hot-chamber machine makes shots auto-
matically and is used for low-melting-point
materials, such as zinc alloys. The cold-cham-
ber method, for higher-melting-point materials,
such as aluminum and magnesium, holds mol-
ten metal at a constant temperature in a holding
furnace of the bailout type. Metal is poured into
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the shot well either by hand or by automatic
devices.

Vacuum diecasting sometimes is used to
evacuate the die cavity. Its objectives are reduc-
tion of porosity, assisting metal flow in thin
sections, and improving surface finish while at
the same time permitting the use of injection
pressures lower than those normally applied.

It should be noted that the meanings of the
term diecasting in U.S. and in European usage
are different. Diecasting in Europe is any cast-
ing made in a metal mold. Pressure diecasting
in Europe is a casting made in a metal mold in
which the metal is injected under high pres-
sure. In the U.S., this is simply “diecasting.”
Gravity diecasting in Europe is a casting
poured in a metal mold by gravity, with no
application of pressure. In the U.S., this is
“permanent molding.”

Investment Casting

In investment casting, a ceramic slurry is
poured around a disposable pattern (normally
of modified paraffin waxes, but also of plastics)
and allowed to harden to form a disposable
mold. The pattern is destroyed when it melts
out during the firing of the ceramic mold. Later,
molten metal is poured into the ceramic mold,
and after the metal solidifies, the mold is broken
up to remove the casting.

Two processes are used to produce invest-
ment casting molds — the solid mold and the
ceramic shell methods. The ceramic shell
method has become the predominant produc-
tion technique today. The solid investment
process is used primarily to produce dental
and jewelry castings. Ceramic shell molds are
used primarily for the investment casting of
carbon and alloy steels, stainless steels, heat-
resistant alloys, and other alloys with melting
points above 1093°C. The process can be
mechanized.

Almost any degree of external and internal
complexity can be accommodated; the only
limitation is the state of the art in ceramic core
manufacturing. Many problems inherent in pro-
ducing a component by forging, machining, or
multiple-piece fabricated assembly can be
solved by utilizing the investment casting pro-
cess. Sheet metal components, assembled by



riveting, brazing, soldering, or welding, have
been investment-cast as a single unit. Advan-
tages realized include weight savings and better
soundness.

Shell Molding Process

The essential feature of the shell, or Croning,
process is the use of thin-walled molds and
cores. Thermosetting resin-bonded silica sand
is placed on a heated pattern for a predeter-
mined length of time. Heating cures the resin,
causing the sand grains to adhere to each other
to form a sturdy shell that constitutes half the
mold. Because of pattern costs, this method is
best suited to volume production of cast metal
components.

Shell molds are similar to typical green
sand molds in that a set of plate-mounted pat-
terns is fitted with integral gates and feeders.
The basic production sequence in shell molding
is depicted in an accompanying line drawing.
The complete assembly is preheated to 177 to
204°C and the surface treated with a parting
compound (silicone emulsion). The cured resin
binders are nonhygroscopic, permitting pro-
longed storage of shell molds and allowing flex-
ibility for production scheduling.

Castings made by the shell molding process
may be more accurate dimensionally than con-
ventional sand castings. A high degree of repro-
ducibility as well as dimensional accuracy can
be achieved with a minimum of dependence on
the craftsmanship that sometimes is required
with other molding processes. Only metal pat-
terns and metal coreboxes can be used in the
shell process.

Lost Foam Casting

This process is also referred to as expanded
polystyrene (EPS) molding, expendable pattern
casting, evaporative foam casting, the full mold
process, the cavityless casting process, and the
cavityless EPS casting process. The process is
an economical method of producing complex,
close-tolerance castings, and uses unbonded
sand; the pattern material is EPS.

The process involves attaching patterns to
gating systems also made of EPS, then apply-
ing a refractory coating to the total assembly.
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Molten metal poured into the down-sprue
vaporizes the polystyrene instantly and repro-
duces the pattern exactly. Gases formed from
the vaporized pattern escape through the pat-
tern coating, the sand, and the flask vents. A
separate pattern is required for each casting.

To the designer, a major advantage of the
process is that no cores are required. Cast-in
features and reduced finishing stock usually are
benefits of using the lost foam process. Inserts
can be cast into the metal, and bimetallic cast-
ings can be made commercially.

Vacuum Molding

The vacuum molding process, popularly known
as the V-process, is a sand molding process in
which no binders are used to retain the shape
of the mold cavity. Instead, unbonded sand is
positioned between two sheets of thin plastic
that are held in place by the application of a
vacuum.

Replicast Process

The replicast process is said to overcome the
shortcomings of another process that is prone
to cause the formation of lustrous carbon
defects in steel castings, as well as undesirable
carbon pickup. Outstanding features of the rep-
licast process include surface finish comparable
to that obtainable on investment castings, elim-
ination of cores through the use of core inserts
in pattern-making tooling, improved casting
yields because of absence of sprues and run-
ners, and high quality levels with regard to cast-
ing integrity and dimensional accuracy.

Other Casting Processes

Other molding systems and casting processes
are used to make metal castings. For example,
certain types of castings are produced in cen-
trifugal casting machines.

Plaster mold casting is another specialized
casting process used to produce nonferrous
castings that is said to offer certain advantages
over other processes.

Certain techniques are used to make cast-
ings in ceramic molds that are different from
ceramic shell investment molding. The main
difference is that the ceramic molds consist of




a cope and a drag or, if the casting shape per-
mits, a drag only.

Squeeze casting, also known as liquid-metal
forging, is a process by which molten metal
(ferrous or nonferrous) solidifies under pressure
within closed dies positioned between the plates
of a hydraulic press. The applied pressure and
the instant contact of the molten metal with the
die surface produce a rapid heat transfer condi-

tion that reportedly yields a pore-free, fine-grain
casting with good mechanical properties.

CAST IRON

Cast iron is a generic term for a group of metals
that basically are alloys of carbon and silicon
with iron. Cast iron compositions are shown
below:

Typical Composition, %

Metal Carbon Silicon
Cast steel 0.5-0.9 0.2-0.7
‘White iron 1.8-3.6 0.5-2.0
Malleable iron 2.0-3.0 0.6-1.3
Gray iron 2.5-3.8 1.1-2.8
Ductile iron 3242 1.1-3.5

In addition to the major elements given
above, all of these metals may contain other
alloys added to modify their properties.

Although cast iron is often considered a
simple metal to produce and to specify, the
metallurgy of cast iron is more complex than
that of steel and most other metals.

Steels and cast irons are both primarily iron
with carbon as the main alloying element.
Steels contain less than 2% and usually less
than 1% carbon; all cast irons contain more than
2% carbon. Because 2% is about the maximum
carbon content at which iron can solidify as a
single-phase alloy with all the carbon solution
in austenite, the cast irons, by definition, solid-
ify as heterogeneous alloys and always have
more than one constituent in their microstruc-
ture. In addition to carbon, cast irons must also
contain silicon, usually from 1 to 3%; thus, they
are actually Fe—C-Si alloys.

High carbon content and silicon in cast
irons give them excellent castability. Their
melting temperatures are appreciably lower
than those of steel. Molten iron is more fluid
than molten steel and less reactive with molding
materials. Formation of lower-density graphite
during solidification makes production of com-
plex shapes possible. Cast irons, however, do
not have sufficient ductility to be rolled or
forged.

The carbon content of iron is the key to its
distinctive properties. The precipitation of car-
bon (as graphite) during solidification counter-
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Manganese  Phosphorus Sulfur
0.5-1.0 0.05 0.05
0.2-0.8 0.18 0.10
0.2-0.6 0.15 0.10
0.4-1.0 0.15 0.10
0.3-0.8 0.08 0.02

acts the normal shrinkage of the solidifying
metal, producing sound sections. Graphite also
provides excellent machinability (even at wear-
resisting hardness levels), damps vibration, and
aids lubrication on wearing surfaces (even
under borderline lubrication conditions). When
most of the carbon remains combined with the
iron (as in white iron), the presence of hard iron
carbides provides good abrasion resistance.

In some cases, iron microstructure may be
all ferrite — the same constituent that makes
low-carbon steels soft and easily machined. But
the ferrite of iron is different because it contains
sufficient dissolved silicon to eliminate the
characteristic gummy nature of low-carbon
steel. Thus, cast irons containing ferrite do not
require sulfur or lead additions in order to be
free machining.

Because the size and shape of a casting con-
trol its solidification rate and strength, design of
the casting and the casting process involved
must be considered in selecting the type of iron
to be specified. Although most other metals are
specified by a standard chemical analysis, a sin-
gle analysis of cast iron can produce several
entirely different types of iron, depending upon
foundry practice and shape and size of the cast-
ing, all of which influence cooling rate. Thus,
iron is usually specified by mechanical proper-
ties. For applications involving high tempera-
tures or requiring specific corrosion resistance,
however, some analysis requirements may also
be specified.



Pattern making is no longer a necessary step
in manufacturing cast iron parts. Many gray,
ductile, and alloy—iron components can be
machined directly from bar that is continuously
cast to near-net shape. Not only does this “parts-
without-patterns” method save the time and
expense of pattern making, continuous-cast iron
also provides a uniformly dense, fine-grained
structure, essentially free from porosity, sand,
or other inclusions. Keys to the uniform micro-
structure of the metal are the ferrostatic pres-
sure and the temperature-controlled solidifica-
tion that are unique to the process.

For each basic type of cast iron, there are
a number of grades with widely differing
mechanical properties. These variations are
caused by differences in the microstructure of
the metal that surrounds the graphite (or iron
carbides). Two different structures can exist in
the same casting. The microstructure of cast
iron can be controlled by heat treatment, but
once graphite is formed, it remains.

Pearlitic cast iron grades consist of alter-
nating layers of soft ferrite and hard iron car-
bide. This laminated structure — called pearlite
— is strong and wear resistant, but still quite
machinable. As laminations become finer, hard-
ness and strength of the iron increase. Lamina-
tion size can be controlled by heat treatment or
cooling rate.

Cast irons that are flame-hardened, induc-
tion-hardened, or furnace-heated and subse-
quently oil-quenched contain a martensite
structure. When tempered, this structure pro-
vides machinability with maximum strength
and good wear resistance.

GRAY IrRON

This is a supersaturated solution of carbon in
an iron matrix. The excess carbon precipitates
out in the form of graphite flakes. Gray iron
is specified by a two-digit designation;
Class 20, for example, specifies a minimum
tensile strength of 138 MPa. In addition, gray
iron is specified by the cross section and min-
imum strength of a special test bar. Usually,
the test bar cross section matches or is related
to a particularly critical section of the casting.
This second specification is necessary because
the strength of gray iron is highly sensitive to
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cross section (the smaller the cross section, the
faster the cooling rate and the higher the
strength).

Impact strength of gray iron is lower than
that of most other cast ferrous metals. In addi-
tion, gray iron does not have a distinct yield
point (as defined by classical formulas) and
should not be used when permanent, plastic
deformation is preferred to fracture. Another
important characteristic of gray iron — partic-
ularly for precision machinery — is its ability
to damp vibration. Damping capacity is deter-
mined principally by the amount and type of
graphite flakes. As graphite decreases, damping
capacity also decreases; see Table B.1.

The high compressive strength of gray iron
— three to five times tensile strength — can be
used to advantage in certain situations. For
example, placing ribs on the compression side
of a plate instead of the tension side produces
a stronger, lighter component.

Gray irons have excellent wear resistance.
Even the softer grades perform well under cer-
tain borderline lubrication conditions (as in the
upper cylinder walls of internal-combustion
engines, for example).

To increase the hardness of gray iron for
abrasive-wear applications, alloying elements
can be added, special foundry techniques can be
used, or the iron can be heat-treated. Gray iron
can be hardened by flame or induction methods,
or the foundry can use a chill in the mold to
produce hardened, “white-iron” surfaces.

Typical applications of gray iron include
automotive engine blocks, gears, flywheels,
brake disks and drums, and machine bases.
Gray iron serves well in machinery applications
because of its good fatigue resistance.

DucTite IrRON

Ductile, or nodular, iron contains trace amounts
of magnesium which, by reacting with the sul-
fur and O, in the molten iron, precipitates out
carbon in the form of small spheres. These
spheres improve the stiffness, strength, and
shock resistance of ductile iron over gray iron.
Different grades are produced by controlling
the matrix structure around the graphite, either
as-cast or by subsequent heat treatment.




A three-part designation system is used to
specify ductile iron. The designation of a typi-
cal alloy, 60-40-18, for example, specifies a
minimum tensile strength of 414 MPa, a mini-
mum yield strength of 276 MPa, and 18% elon-
gation in 5.08 mm.

Ductile iron is used in applications such as
crankshafts because of its good machinability,
fatigue strength, and high modulus of elasticity;
in heavy-duty gears because of its high yield
strength and wear resistance; and in automobile
door hinges because of its ductility. Because it
contains magnesium as an additional alloying
element, ductile iron is stronger and more shock
resistant than gray iron. But although ductile Fe
also has a higher modulus of elasticity, its
damping capacity and thermal conductivity are
lower than those of gray iron.

By weight, ductile iron castings are more
expensive than gray iron. Because they offer
higher strength and provide better impact resis-
tance, however, overall part costs may be about
the same.

Although it is not a new treatment for duc-
tile iron, austempering has become increasingly
known to the engineering community in the past
5 to 10 years. Austempering does not produce
the same type of structure as it does in steel
because of the high carbon and silicon content
of iron. The matrix structure of austempered
ductile iron (ADI) sets it apart from other cast
irons, making it truly a separate class of engi-
neering materials.

In terms of properties, the ADI matrix
almost doubles the strength of conventional
ductile iron while retaining its excellent tough-
ness. Like ductile iron, ADI is not a single mate-

rial; rather, it is a family of materials having
various combinations of strength, toughness,
and wear resistance. Unfortunately, the absence
of a standard specification for the materials has
restricted its widespread acceptance and use. To
help eliminate this problem, the Ductile Iron
Society has proposed property specifications
for four grades of austempered ductile iron; see
Table C.3.

Most current applications for ADI are in
transportation equipment — automobiles,
trucks, and railroad and military vehicles. The
same improved performance and cost savings
are expected to make these materials attractive
in equipment for other industries such as min-
ing, earthmoving, agriculture, construction, and
machine tools.

WHITE IRON

White iron is produced by “chilling” selected
areas of a casting in the mold, which prevents
graphitic carbon from precipitating out. Both
gray and ductile iron can be chilled to produce
a surface of white iron, consisting of iron car-
bide, or cementite, which is hard and brittle. In
castings that are white iron throughout, how-
ever, the composition of iron is selected accord-
ing to part size to ensure that the volume of
metal involved can solidify rapidly enough to
produce the white-iron structure.

The principal disadvantage of white iron is
its brittleness. This can be reduced somewhat
by reducing the carbon content or by thoroughly
stress-relieving the casting to spheroidize the
carbides in the matrix. However, these measures
increase cost and reduce hardness.

TABLE C.3

Proposed Specification for Four ADI Grades

Tensile
Strength, min Yield Strength,
ADI Grade (103 psi) min (103 psi)
1 125 85
2 150 100
3 175 120
4 200 140

Impact
Strength,
Elongation, Hardness unnotched,
min (%) (Bhn) min (ft-1b)
10 269-331 80
7 302-363 65
4 341-401 45
2 375461 30

Source: Mach. Design Basics Eng. Design, June, p. 781, 1993. With permission.
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Chilling should not be confused with heat-
treat hardening, which involves an entirely dif-
ferent metallurgical mechanism. White iron, so
called because of its very white fracture, can be
formed only during solidification. It will not
soften except by extended annealing, and it
retains its hardness even above 538°C.

White irons are used primarily for applica-
tions requiring wear and abrasion resistance
such as mill liners and shot-blasting nozzles.
Other uses include railroad brake shoes, rolling-
mill rolls, clay-mixing and brickmaking equip-
ment, and crushers and pulverizers. Generally,
plain (unalloyed) white iron costs less than
other cast irons.

CoMpPACTED GRAPHITE IRON

Until recently, compacted graphite iron (CGI),
also known as vermicular iron, has been prima-
rily a laboratory curiosity. Long known as an
intermediate between gray and ductile iron, it
possesses many of the favorable properties of
each. However, because of process-control dif-
ficulties and the necessity of keeping alloy addi-
tions within very tight limits, CGI has been
extremely difficult to produce successfully on
a commercial scale. For example, if the mag-
nesium addition varied by as little as 0.005%,
results would be unsatisfactory.

Processing problems have been solved by
an alloy-addition package that provides the
essential alloying ingredients — magnesium,
titanium, and rare earths — in exactly the right
proportions.

Strength of CGI parts approaches that of
ductile cast iron. CGI also offers high thermal
conductivity, and its damping capacity is almost
as good as that of gray iron; fatigue resistance
and ductility are similar to those properties in
ductile iron. Machinability is superior to that of
ductile iron, and casting yields are high because
shrinkage and feeding characteristics are more
like gray iron.

The combination of high strength and high
thermal conductivity suggests the use of CGI
in engine blocks, brake drums, and exhaust
manifolds of vehicles. CGI gear plates have
replaced aluminum in high-pressure gear
pumps because of the ability of the iron to

© 2002 by CRC Press LLC

maintain dimensional stability at pressures
above 10.3 MPa.

MALLEABLE IRON

Malleable iron is white iron that has been con-
verted by a two-stage heat treatment to a con-
dition having most of its carbon content in the
form of irregularly shaped nodules of graphite,
called temper carbon. Resulting properties are
opposite from those of the white iron from
which it is derived. Rather than being hard and
brittle, it is malleable and easily machined.
Malleable iron castings generally cost slightly
less than ductile iron castings.

The three basic types of malleable iron are
ferritic, pearlitic, and martensitic. Ferritic grades
are more machinable and ductile, whereas the
pearlitic grades are stronger and harder. Gener-
ally, the martensitic grades are grouped with the
pearlitic materials; they might be thought of as
extensions (at the higher strength end of the
range) of pearlitic malleable iron.

In sharp contrast to ferritic malleable iron,
whose microstructure is free from combined
carbon, pearlitic malleable Fe contains from 0.3
to 0.9% carbon in the combined form. Since
this constituent can be transformed readily into
the hardest form of combined carbon by a sim-
ple heating and quenching treatment, pearlitic
malleable iron castings can be selectively hard-
ened. Depth of hardening is controlled by the
rate of heat input, time at temperature, and
quenching rate. Heat treating can produce sur-
face hardness to about Rockwell C60.

Carbon in malleable irons helps retain and
store lubricants. In extreme-wear service, the
pearlitic malleable iron surface wears away in
harmless, micron-size particles, which are less
damaging than other types of iron particles. The
porous malleable iron surface traps abrasive
debris that accumulates between bearing sur-
faces. Gall streaks can form on malleable iron,
but galling does not usually progress.

Malleable iron castings are often used for
heavy-duty bearing surfaces in automobiles,
trucks, railroad rolling stock, and farm and con-
struction machinery. Pearlitic grades are highly
wear resistant, with hardnesses ranging from
152 to over 300 Bhn. Applications are limited,
however, to relatively thin-sectioned castings



because of the high shrinkage rate and the need
for rapid cooling to produce white iron.

HiGgH-ALLOY IRONS

High-alloy irons are ductile, gray, or white irons
that contain 3% to more than 30% alloy content.
Properties are significantly different from those
of unalloyed irons. These irons are usually
specified by chemical composition as well as
by various mechanical properties.

White high-alloy irons containing nickel
and chromium develop a microstructure with a
martensite matrix around primary chromium
carbides. This structure provides a high hard-
ness with extreme wear and abrasion resistance.
High-chromium irons (typically, about 16%)
combine wear and oxidation resistance with
toughness. Irons containing from 14 to 24%
nickel are austenitic; they provide excellent cor-
rosion resistance for nonmagnetic applications.
The 35% nickel irons have an extremely low
coefficient of thermal expansion and are also
nonmagnetic and corrosion resistant.

CAST NONFERROUS ALLOYS

Nonferrous metals and alloys can be catego-
rized as follows:

Aluminum-base

Copper-base (brasses and bronzes)
Lead-base

Magnesium-base

Nickel-base

Tin-base

Zinc-base

Titanium-base

® NN R W=

Another common way of grouping nonfer-
rous alloys is to divide them into heavy metals
(copper, zinc, lead, and nickel base) and light
metals (aluminum, magnesium, and titanium
base).

ALUMINUM AND IT1s ALLOYS

Aluminum and its alloys continue to grow in
acceptance, particularly in the automotive
industry. The electronics industry is another
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major user of cast aluminum for chassis, enclo-
sures, terminals, etc.

Most metallic elements can be alloyed
readily with aluminum, but only a few are com-
mercially important — among them copper,
lithium, magnesium, manganese, silicon, and
zinc. Many other elements serve as supplemen-
tary alloying additions to improve properties
and metallurgical characteristics.

Aluminum can be cast by virtually all of
the common casting processes — particularly
diecasting, sand mold, permanent mold,
expendable pattern (lost foam) casting, etc.

Aluminum alloy castings are produced by
virtually all commercial processes in a range of
compositions possessing a wide variety of use-
ful engineering properties.

* Al-Mg alloys offer excellent corro-
sion resistance, good machinability,
and an attractive appearance when
anodized. Careful gating and risering
are required.

e Binary Al-Si alloys exhibit good
weldability, high corrosion resis-
tance, and low specific gravity.

e Al-Zn alloys have good machina-
bility characteristics and age at
room temperature to moderately
high strengths in a relatively short
period of time without solution heat
treatment.

¢ Al-Sn alloys were developed for
bearings and bushings with high
load-carrying capacity and fatigue
strength. Corrosion resistance is
superior, but there is a susceptibility
to hot cracking,

e Al-Li alloys are of recent commer-
cial significance because of their
good mechanical properties. They
are believed to have many potential
aerospace applications, and alloy
development is widespread.

CopPer CASTING ALLOYS

These alloys are grouped according to compo-
sition by these general categories: pure copper,
high-copper alloys, brasses, leaded brasses,
bronzes, aluminum bronzes, silicon bronzes,



Cu—Ni alloys, and Cu—Ni—Zn alloys known as
“nickel silvers.” The UNS designations for cop-
per-base casting alloys range from C80000
through C99900. In brasses, zinc is the princi-
pal alloying element. For cast brass, there are
Cu—Zn-Sn alloys (red, semi-red, and yellow
brasses), leaded and unleaded manganese
bronze alloys (high-strength yellow brasses),
and Cu-Zn-Si alloys.

Tin is the principal alloying element in cast
bronze alloys, which consist of four families:
tin bronzes, leaded and highly leaded tin
bronzes, Ni—-Sn bronzes, and aluminum
bronzes.

ZINC ALLOYS

Zinc has a low melting temperature and is
readily and economically diecast. In recent
years, zinc “foundry alloys” known as ZA-8,
ZA-12, and ZA-27 (containing 8, 12, and 27%
aluminum, respectively) have been developed.
They are finding wide application as gravity-
cast sand and permanent mold castings as well
as diecastings.

Zinc alloys can be cast in thin sections and
with tight dimensional control. The principal
alloys used for diecastings contain low percent-
ages of magnesium, 3.9 to 4.3% aluminum, and
small controlled quantities of impurities such
as tin, lead, and cadmium. Copper, and nickel
are significant alloying additions.

MAGNESIUM ALLOYS

The usefulness of magnesium, lightest of the
commercial metals, is enhanced considerably
by alloying. Magnesium can be used for sand
and permanent mold castings and diecastings.
Hot-chamber diecasting is a more recent devel-
opment that is finding wider application each
year. With the help of different heat treatments,
alloy tensile strengths range from 136 to 324
MPa, yield strengths from 69 to 262 MPa, and
elongations from 1 to 15%.

Magnesium foundry technology has
advanced significantly in recent years. Complex
components are successfully made as sand cast-
ings, with wall thicknesses down to 3.5 mm and
tolerances to +0.6 mm for automotive, aircraft,
and electronics applications.

© 2002 by CRC Press LLC

TitaNIUM CASTINGS

Applications are broadening. Titanium is par-
ticularly suitable for withstanding corrosive
environments or applications that take advan-
tage of its light weight, high strength-to-weight
ratio, and nonmagnetic properties. Long
applied in military aircraft, titanium alloys are
now solving problems in nonmilitary equip-
ment and jewelery.

MEeTaL MATRIX ComposiTEs (MMOC)

MMC are an important new technology. These
composites consist of an inorganic reinforce-
ment-particle filament, or whisker, in a metal
matrix. Nearly all metals can be used as a matrix,
but current applications center around alumi-
num, magnesium, and titanium. The lighter met-
als offer the best weight-to-strength ratio.
MMC:s also show improved wear resistance and
allow adjustment of the coefficient of thermal
expansion to meet varying requirements.

SUPERALLOYS

Superalloys are nickel, Fe—Ni, and cobalt-base
alloys generally used at temperatures above
about 538°C. The Fe—Ni-base superalloys are
an extension of stainless steel technology and
generally are wrought, whereas cobalt-base and
nickel-base superalloys can be wrought or cast.

The more highly alloyed compositions nor-
mally are processed as castings. Fabricated cast
structures can be built up by welding or brazing,
but many highly alloyed compositions contain-
ing a high amount of hardening phase are dif-
ficult to weld. Properties can be controlled by
adjustments in composition and by processing
including heat treatment.

CAST PLASTICS

Plastics casting materials can be generally
classified in two groups: (1) those resins, usu-
ally thermosetting, that are cast as liquids and
cured by chemical cross-linking either at room
temperature or elevated temperatures, and
(2) thermoplastics that are supplied essentially
in suspension or monomeric form and fused or
polymerized at elevated temperatures.




MATERIALS

Each casting resin has a unique combination of
properties, such as heat resistance, strength,
electrical properties, chemical resistance, cost,
and shrinkage, which dictate their use for spe-
cific applications.

The most commonly used casting resins are
phenolics, polyesters, and epoxies. Others are
vinyls, acrylics, and urethane elastomers. Fol-
lowing is a brief discussion of each major type.

Phenolic Resins

Phenolic resins are used for low-cost parts
requiring good electrical insulating properties,
heat resistance, or chemical resistance. The
average shelf life of this resin is about 1 month
at 21.1°C. This can be extended by storing it in
a refrigerator at 1.6 to 10°C. Varying the cata-
lyst (according to the thickness of the cast) and
raising the cure temperature to 93°C will alter
the cure time from as long as 8 h to as short as
15 min.

Some shrinkage occurs in the finished cast-
ing (0.012 to 0.6 mm/mm), depending on the
quantity of filler, amount of catalyst, and the
rate of cure. Faster cure cycles produce a higher
rate of shrinkage. Since the cure cycle can be
accelerated, phenolics are used in short-run
casting operations.

Cast phenolic parts are easily removed from
the mold if the parting agents recommended by
the supplier are used. Posteuring improves the
basic properties of the finished casting.

Polyester Resins

Polyester resins are primarily used in large cast-
ings such as those required in the motion picture
industry or for large sculptures for museums,
parks, and display purposes. Since polyester
shrinkage is about 0.024 to 0.032 mm/mm, cast-
ings are usually reinforced with glass cloth or
mat and are generally cast in a flexible mold.
Catalysts used to initiate the cure are peroxides
or hydroperoxides and activators are cobalt
naphthanate, alkyl mereaptans, or dialkyl aro-
matic amines. Recently, isophthalic polyesters
have been introduced containing isophthalic
acid, which provides improved heat, chemical,
and impact resistance.
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Clear polyester castings can be made using
diallyl or triallyl cyanurate type polyesters. Tri-
allyl cyanurate polyesters are used in casting
clear sheets because they have excellent scratch
and heat resistance.

Acrylic Resins

The process involved in casting acrylic resins
is complex and forms a specialized field. The
methyl-methacrylate monomer contains inhibi-
tors that must be removed before adding the
catalyst. The resin must be cured under very
accurately controlled conditions.

The primary use of cast acrylics is in opti-
cally clear sheet, rod, or tube stock and in the
embedment of specimens for museums and dis-
play of industrial parts, as well as for the
embedment of decorative motifs in the jewelry
industry.

Vinyls

Plasticized vinyls (polyvinyl chloride, or PVC)
are used in industry in a variety of plastisol
processing techniques, e.g., slush casting and
rotational casting. Electroformed molds are
commonly used for this purpose. Since the con-
version of the semiliquid vinyl plastisol to a
solid consists of fusing the suspended vinyl par-
ticles to each other, it is only necessary to raise
the temperature of the mass to 82 to 177°C
according to the formulation. Cast-vinyl proto-
type parts can be produced that are comparable
with molded parts.

Epoxy Resins

Most cast epoxy resins, other than those used
in plastic tooling, are used in encapsulating
electrical components and in casting prototype
parts. The variations in properties possible
make them very versatile materials. They can
be made to have almost infinite shelf life, can
be varied from a liquid to a thixotropic gel, and
can be highly flexibilized by the addition of
polysulfides and polyamides. They can be for-
mulated to provide heat resistance up to 260°C.

Cure cycles may range from 1 to 16 h, at
which time the casting is removed from the
mold. Epoxy resins for casting are available in
transparent water-white, semitransparent, and



TABLE C.4

Minimum Mechanical Properties of Cast Low-Alloy Steels

ASTM Classification

A352 A217 A148 A148 A148 A148 A148 A148
GRADE
LCl WC4 80-50 90-60 105-85 115-95 150-135 180-145
Normalized  Normalized  Normalized  Normalized Quenched Quenched Quenched Quenched
& Tempered & Tempered & Tempered & Tempered & Tempered & Tempered & Tempered & Tempered
Yield strength 35 40 50 60 85 95 135 145
(103 psi)
Tensile 65 70 80 90 105 115 150 160
strength (103
psi)
Impact 60 55 48 40 58 45 30 24
strength,
Charpy
(ft-1b)
Fatigue 20 23 25 34 37 44 48
endurance
limit,
polished
specimen
(103 psi)
Elongation in 4 20 22 20 17 14 7 6
2 in. (%)
Hardness, Bhn — — 163 187 217 248 311 363

Source: Mach. Design Basics Eng. Design, June, p. 787, 1993. With permission.

opaque formulations. Room-temperature cures
are effected when aliphatic amines are added to
the resin in exact amounts. Heat resistance of
such systems is about 82°C. Cure is relatively
rapid; therefore, exothermic reaction produces
relatively high temperatures. Thus, casting must
generally be limited in thickness.

Proprietary amine hardeners and epoxy
resin systems are available whose heat resis-
tance is about 121 to 177°C. The use of liquid
anhydrides yields castings with heat resistance
above 204°C. Such systems permit casting in
large masses because the exothermic reaction
and the curing temperatures are low (about
121°C). The pot life is several days, because
elevated tempertures are required to initiate the
reaction.

Several facts are basic in the use of these
systems. Because it is necessary to use acidic
catalysts in order to achieve heat resistance,
castings tend to be more brittle; also, more dif-
ficulty is encountered in releasing the cast from
the mold. The use of the proper release agent
with a given resin system is necessary to over-
come this tendency.
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CAST STEELS

The general nature and characteristics of cast
steels are, in most respects, closely comparable
to wrought steels. Cast and wrought steels of
equivalent composition respond similarly to
heat treatment and have fairly similar proper-
ties. A major difference between them is that
cast steel is more isotropic in structure. There-
fore, properties tend to be more uniform in all
directions in contrast to wrought steel, whose
properties generally vary, depending on the
direction of hot or cold working.
Five basic steel groups are available:

Carbon steels
Low-alloy steels
High-alloy steels
Tool steels
Stainless steels

M N

The most common types of steels used in
castings are the carbon steels, which contain
only carbon as their principal alloying element.
Other elements are present in small quantities,



including those added for deoxidation. Silicon
and manganese in cast carbon steels typically
range from 0.25 to about 0.8% silicon and 0.50
to 1% manganese, respectively.

Cast plain carbon steels can be divided into
three groups — low, medium, and high carbon.
However, cast steel is usually specified by
mechanical properties, primarily tensile
strength, rather than composition. Standard
classes are 414, 483, 586, and 690 MPa. Low-
carbon grades, used mainly in the annealed or
normalized conditions, have tensile strength
ranging from 380 to 448 MPa. Medium-carbon
grades, annealed and normalized, range from
483 to 690 MPa. When quenched and tempered,
strength exceeds 690 MPa.

Ductility and impact properties of cast
steels are comparable, on average, to those of
wrought carbon steel. However, the longitudi-
nal properties of rolled and forged steels are
higher than those of cast steel. Endurance limit
strength ranges between 40 and 50% of ultimate
tensile strength.

By definition, low-alloy steels contain
alloying elements, in addition to carbon, up to
a total content of 8%. A casting containing more
than 8% alloy content is classified as a high-
alloy steel. Technically, tool steels and stainless
steels are high-alloy steels but are normally
classified separately.

Small quantities of titanium and aluminum
are also used for grain refinement; see Table
C.4 (Minimum Mechanical Properties of Cast
Low-Alloy Steels).

Stainless steels are grouped in three classes:
martensitic, ferritic, and austenitic. They are all
more resistant to corrosion than plain carbon
steels or lower alloy steels, and they contain
either significant amounts of chromium or chro-
mium and nickel. Cast stainless steel grades are
designated in general as either heat resistant or
corrosion resistant. Stainless steel castings are
specified by ACI designations.

The C series of ACI stainless grades desig-
nates corrosion-resistant steels; the H series
designates heat-resistant steels that are suitable
for service temperatures in the 649 to 1204°C
range. Typical casting applications for C-series
grades are valves, pumps, and fittings. H-series
grades are used for furnace parts, turbine engine
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components, and other high-temperature
requirements.

Interest has renewed in cast duplex stain-
less steels because the 50% ferritic and 50%
austenitic metallographic structure of these
grades makes them extremely resistant to stress
corrosion cracking. In addition, they have twice
the yield strength of austenitic grades and may
cost less.

Although the basic properties of cast
duplex alloys are determined primarily by the
50/50 mixture of ferrite and austenite, the met-
allurgy can be complex because of the numer-
ous carbides, nitrides, and intermetallic phases
or compounds that can form. Ferrite formation
is a function of cooling rate and chemistry, and
austenizing temperature affects strength.

Hardenability of cast steels does not vary
significantly from that of wrought steels of sim-
ilar composition. The one principal difference
between wrought and cast steels is the effect of
the casting surface. It may contain scale and
oxides and may not be chemically or structur-
ally equivalent to the base metal; see Table C.5
(Cast Stainless Steels).

A few of the industries and some of the
specific products that are being made from cast
steel are: automotive (frames, wheels, gears);
electrical manufacturing (rotors, bases, hous-
ings, frames, shafts); transportation (couplings,
draw bars, brake shoes, wheel truck frames);
marine (rudders, stems, anchor chain, ornamen-
tal fittings, capstans); off-the-road equipment
(crawler side frames, levers, shafts, tread links,
turntables, buckets, dipper teeth); municipal
(fire hydrants, catch basins, manhole frames
and covers); miscellaneous (ingot and pig
molds, rolling mill rolls, blast-furnace ingot
buggies, engine housings, cylinder blocks and
heads, crankshafts, flanges and valves).

CELLULOSE

Cellulose is the main constituent of the struc-
ture of plants (natural polymer) that, when
extracted, is employed for making paper,
plastics, and in many combinations. Cellu-
lose is made up of long-chain molecules in
which the complex unit C,H,,05 is repeated
as many as 2000 times. It consists of glucose



TABLE C.5

Cast Stainless Steels

Yield strength
(10% psi)
Grades
HR grades
Tensile strength
(10° psi)
Impact strength,
Charpy, 70°F (ft-1b)
Creep strength,
0.001%/h (10° psi)

HR grades only,
1400°F

1800°F
Elongation (%)
R grades
Hardness, Bhn
CR grades
HR grades
Melting temperature
B
Coefficient of
thermal expansion
(10-in./in.-°F)
70-212°F
70-1000°F
Thermal conductivity
(Btu-ft/h-ft>-°F)
Density (1b/in.?)

Electrical resistivity,

CR grades
(microhm-cm)

Magnetic

Note: CR = corrosion resistant; HR = heat resistant.

-

1450°F air cooled.
1900°F air cooled.

o

o

o

As cast.

e

Corrosion-Resistant Grades (ACI Designation)

2000°F air water quenched.
>1900°F water quenched.

the cast stainless steel grades.

" Annealed.

1800°F air cooled, 1200°F tempered.

Source: Mach. Design Basics Eng. Design, June, p. 790, 1993. With permission.

© 2002 by CRC Press LLC

CA-152 CB-30" CC-50¢ CE-30¢ CF-8° CH-20¢ CG-6 CF-10
Heat-Resistant Grades (ACI Designation)’ MMNP MnNP
HC HE HF HH HT HX
Equivalent AISI Grades® UNS
410 442 446 312 304 309 330 $20910 $21800
100 60 65 63 35-40 50 — — 50 47
— — 75 45 45 50 40 25 40 —
115 95 70-110 87-92 75-92 80-88 69-70 56-75 94 96
35 2 45 10 70 15 4 — 71 134
— — 1.3 35 6 7.0 8.0 6.4 — —
— — 0.336 1.0 32 2.1 2.0 1.6 — —
29 — 29 35 28 28 27 25 28 26
225 195 210 190 140 190 — — 210 195
— — 223 200 165 185 180 176 — —
2700- 2700- 2650 2600 2550 2500 2400- 2350 — —
2790 2750 2750 2700 2600 2600 2450
55 5.7 59 — 9.0 8.3 — — 9.0 8.8
6.4 6.5 6.4 9.6 10.9 9.6 9.8 9.5 10.2 10.0
14.5 12.8 12.6 10.0 9.0 8.2 7.7 11.1 9.0 —
0.275 0.272— 0.272— 0.276 0.280 0.279 0.286 0.294 0.285 0.276
0.274 0.277
78.0 76.0 77.0 85.0 76.2 84.0 — — 82.0 98.2
Yes Yes Yes Partially  CF, Partially Partially — Slightly Slightly
partially,
HF, no

Equivalent wrought grades are given for comparison only; the ACI designations, generally included in ASTM A743 and A297, are used to specify



molecules with three hydroxyl groups for
each glucose unit.

Cellulose is the most abundant of the non-
protein natural organic products. It is highly
resistant to attack by the common micro-
organisms. However, the enzyme cellulase
digests it easily, and this substance is used for
making paper pulp, for clarifying beer and cit-
rus juices, and for the production of citric acid
and other chemicals from cellulose. Cellulose
is a white powder insoluble in water, sodium
hydroxide, or alcohol, but it is dissolved by
sulfuric acid.

One of the simplest forms of cellulose used
industrially is regenerated cellulose, in which
the chemical composition of the finished prod-
uct is similar to that of the original cellulose. It
is made from wood or cotton pulp digested in
a caustic solution. Cellophane is a regenerated
cellulose in thin sheets for wrapping and other
special uses include windings on wire and
cable.

CELLULOSE PLASTICS

For plastics, pure cellulose from wood pulp or
cotton linters (pieces too short for textile use)
is reacted with acids or alkalis and alkyl halides
to produce a basic flake. Depending upon the
reactants, any one of four esters of cellulose
(acetate, propionate, acetate butyrate, or nitrate)
or a cellulose ether (ethyl cellulose) may result.
The basic flake is used for producing both sol-
vent cast films and molding powders.

Ethyl cellulose plastics are thermoplastic
and are noted for their ease of molding, light
weight, and good dielectric strength, 15 to 20.5
x 10° V/m, and retention of flexibility over a
wide range of temperature from —-57 to 66°C,
the softening point. They are the toughest, the
lightest, and have the lowest water absorption
of the cellulosic plastics. But they are softer and
lower in strength than cellulose-acetate plastics.
Typical ethyl cellulose applications include
football helmets, equipment housings, refriger-
ator parts, and luggage.

For molding powders, the flake is then
compounded with plasticizers, pigments, and
sometimes other additives. At this stage of
manufacture, the plastics producer is able to
adjust hardness, toughness, flow, and other
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processing characteristics and properties. In
general, these qualities are spoken of together
as flow grades. The flow of a cellulose plastic
is determined by the temperature at which a
specific amount of the material will flow
through a standard orifice under a specified
pressure. Manufacturers offer cellulosic mold-
ing materials in a large number of standard
flow grades, and, for an application requiring
a nonstandard combination of properties, are
often able to tailor a compound to fit. Cellulose
can be made into a film (cellophane) or into a
fiber (rayon), but it must be chemically mod-
ified to produce a thermoplastic material.

Cellulosics are synthethic plastics, but they
are not synthethic polymers; see Table C.6.

Because the cellulosics can be compounded
with many different plasticizers in widely vary-
ing concentrations, property ranges are broad.
These materials are normally specified by flow,
defined in American Society for Testing and
Materials (ASTM) D569, which is controlled
by plasticizer content. Hard flows (low plasti-
cizer content) are relatively hard, rigid, and
strong. Soft flows (higher plasticizer content)
are tough, but less hard, less rigid, and less
strong. They also process at lower temperatures.
Thus, within available property ranges listed,
no one formulation can provide all properties
to the maximum degree. Most commonly used
formulations are in the middle flow ranges.

Molded cellulosic parts can be used in ser-
vice over broad temperature ranges and are par-
ticularly tough at very low temperatures. Ethyl
cellulose is outstanding in this respect. These
materials have low specific heat and low ther-
mal conductivity — characteristics that give
them a pleasant feel.

Dimensional stability of butyrate, propi-
onate, and ethyl cellulose is excellent. Plasti-
cizers used in these materials do not evaporate
significantly and are virtually immune to
extraction by water. Water absorption (which
causes dimensional change) is also low, with
that of ethyl cellulose the lowest. The plasticiz-
ers in acetate are not as permanent as those in
other plastics, however, and water absorption
of this material is slightly higher.

Butyrate and propionate are highly resis-
tant to water and most aqueous solutions
except strong acids and strong bases. They



TABLE C.6

Properties of Cellulosics
Cellulose
ASTM or Cellulose Cellulose Acetate Ethyl
UL Test Property Acetate Propionate Butyrate Cellulose
Physical
D792 Specific gravity 1.22-1.34 1.16-1.24 1.15-1.22 1.09-1.17
D792 Specific volume (in.%/1b) 22.7-20.6 23.4-22.4 24.1-22.7 25.5-23.6
D570 Water absorption, 24 h, 1.7-4.5 1.2-2.8 0.9-2.2 0.8-1.8
1/8-in. thk (%)
Mechanical
D638 Tensile strength (psi) 2200-6900 1400-7200 1400-6200 3000-4800
D638 Tensile modulus (10° psi) 0.65-4.0 0.6-2.15 0.5-2.0 2.2-25
D790 Flexural strength (psi) 2500-10,400 1700-10,600 1800-9250 4700-6800
D790 Flexural modulus (10° psi) 1.2-3.6 1.15-3.7 0.9-3.0 —
D256 Impact strength, Izod 1.0-7.3 1.0-10.3 1.1-9.1 3.0-8.0
(ft-1b/in. of notch)
D785 Hardness, Rockwell R To 122 To 115 To 112 79-106
Thermal
C177 Thermal conductivity 4-8 4-8 4-8 3.8-7.0
(10 cal-cm/s-cm?-°C)
D696 Coefficient of thermal 8-16 11-17 11-17 10-20
expansion
(107 in./in.-°C)
D648 Deflection temperature
B
At 264 psi 111-195 111-228 113-202 115-190
At 66 psi 120-209 147-250 130-227 170-180
UL9%4 Flammability rating V-2, HB HB HB —
Electrical
D149 Dielectric strength® (V/mil)
Short time, 1/8-in. thk 250-600 300-500 250-400 350-500
D150 Dielectric constant
At 1 kHz 3.2-7.0 3.3-4.0 34-64 3.0-4.1
D150 Dissipation factor
At 1 kHz 0.01-0.10 0.01-0.05 0.01-0.04 0.002-0.020
D257 Volume resistivity
(Q-cm)
At 73°F, 50% RH 10'0-10 1012-10'6 101-1015 10"2-10'
D495 Arc resistance (s) 50-310 175-190 — 60-80
Optical
D542 Refractive Index 1.46-1.50 1.46-1.49 1.46-1.49 —
D1003 Transmittance® (%) 80-92 80-92 80-92 —

2 At 500V/s rate of rise.
® For 1/8-in. thick specimen.

Source: Mach. Design Basics Eng. Design, June, p. 684, 1993. With permission.
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resist nonpolar materials such as aliphatic
hydrocarbons and ethers, but they swell or
dissolve in low-molecular-weight polar com-
pounds such as alcohols, esters, and ketones,
as well as in aromatic and chlorinated hydro-
carbons. Acetate is slightly less resistant than
butyrate and propionate to water and aqueous
solutions, and slightly more resistant to
organic materials. Ethyl cellulose dissolves in
all the common solvents for this polymer, as
well as in such solvents as cyclohexane and
diethyl ether. Like the cellulose esters, ethyl
cellulose is highly resistant to water.
Although unprotected cellulosics are gen-
erally not suitable for continuous outdoor use,
special formulations of butyrate and propionate
are available for such service. Acetate and ethyl
cellulose are not recommended for outdoor use.

APPLICATIONS

Acetate applications include extruded and cast
film and sheet for packaging and thermoforming.

Cellulose Acetate

Cellulose acetate is an amber-colored, transpar-
ent material made by the reaction of cellulose
and acetic acid or acetic anhydride in the pres-
ence of sulfuric acid.

It is thermoplastic and easily molded. The
molded parts or sheets are tough, easily
machined, and resistant to oils and many chem-
icals. In coatings and lacquers the material is
adhesive, tough, and resilient, and does not dis-
color easily. Cellulose acetate fiber for rayons
can be made in fine filaments that are strong
and flexible, nonflammable, mildew proof, and
easily dyed. Standard cellulose acetate for
molding is marketed in flake form.

In practical use, cellulose acetate moldings
exhibit toughness superior to most other gen-
eral-purpose plastics. Flame-resistant formula-
tions are currently specified for small appliance
housings and for other uses requiring this prop-
erty. Uses for cellulose acetate molding mate-
rials include toys, buttons, knobs, and other
parts where the combination of toughness and
clear transparency is a requirement.

Extruded film and sheet of cellulose acetate
packaging materials maintain their properties
over long periods. Here also the toughness of
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the material is advantageously used in blister
packages, skin packs, window boxes, and over-
wraps. It is a breathing wrap and is solvent and
heat sealable.

Large end uses for cellulose acetate films
and sheets include photographic film base, pro-
tective cover sheets for notebook pages and
documents, index tabs, sound recording tape,
as well as the laminating of book covers. The
grease resistance of cellulose acetate sheet
allows its use in packaging industrial parts with
enclosed oil for protection.

For eyeglass frames, cellulose acetate is the
material in widest current use. Because fashion
requires varied and sometimes novel effects,
sheets of clear, pearlescent, and colored cellu-
lose acetate are laminated to make special
sheets from which optical frames are fabricated.

The electrical properties of cellulosic films
combined with their easy bonding, good aging,
and available flame resistance bring about their
specification for a broad range of electrical
applications. Among these are as insulations for
capacitors; communications cable; oil wind-
ings; in miniaturized components (where cir-
cuits may be vacuum metallized); and as fuse
windows.

Cellulose triacetate is widely used as a sol-
vent cast film of excellent physical properties
and good dimensional stability. Used as photo-
graphic film base and for other critical dimen-
sional work such as graphic arts, cellulose tri-
acetate is not moldable.

Cellulose Propionate

Cellulose propionate, commonly called “CP”
or propionate, is made by the same general
method as cellulose acetate, but propionic acid
is used in the reaction. Propionate offers several
advantages over cellulose acetate for many
applications. Because it is “internally” plasti-
cized by the longer-chain propionate radical, it
requires less plasticizer than is required for cel-
lulose acetate of equivalent toughness.

Cellulose propionate absorbs much less mois-
ture from the air and is thus more dimensionally
stable than cellulose acetate. Because of better
dimensional stability, cellulose propionate is often
selected where metal inserts and close tolerances
are specified.



Largest-volume uses for cellulose propi-
onate are as industrial parts (automotive steer-
ing wheels, armrests, and knobs, etc.), tele-
phones, toys, findings, ladies’ shoe heels, pen
and pencil barrels, and toothbrushes.

Cellulose Acetate Butyrate

Commonly called butyrate or CAB, it is some-
what tougher and has lower moisture absorp-
tion and a higher softening point than acetate.
CAB is made by the esterification of cellulose
with acetic acid and butyric acid in the pre-
sense of a catalyst. It is particularly valued
for coatings, insulating types, varnishes, and
lacquers.

Special formulations with good weathering
characteristics plus transparency are used for
outdoor applications such as signs, light globes,
and lawn sprinklers. Clear sheets of butyrate
are available for vacuum-forming applications.
Other typical uses include transparent dial cov-
ers, television screen shields, tool handles, and
typewriter keys. Extruded pipe is used for elec-
tric conduits, pneumatic tubing, and low-pres-
sure waste lines. Cellulose acetate butyrate also
is used for cable coverings and coatings. It is
more soluble than cellulose acetate and more
miscible with gums. It forms durable and flex-
ible films. A liquid cellulose acetate butyrate is
used for glossy lacquers, chemical-resistant
fabric coatings, and wire-screen windows. It
transmits ultraviolet light without yellowing or
hazing and is weather-resistant.

Cellulose Acetate Propionate

This substance is similar to butyrate in both cost
and properties. Some grades have slightly
higher strength and modulus of elasticity. Pro-
pionate has better molding characteristics, but
lower weatherability than butyrate. Molded
parts include steering wheels, fuel filter bowls,
and appliance housings. Transparent sheeting is
used for blister packaging and food containers.

Cellulose Nitrate

Cellulose nitrates are materials made by treat-
ing cellulose with a mixture of nitric and sul-
furic acids, washing free of acid, bleaching,
stabilizing, and dehydrating. For sheets, rods,

© 2002 by CRC Press LLC

and tubes it is mixed with plasticizers and pig-
ments and rolled or drawn to the shape desired.
The lower nitrates are very inflammable, but
they do not explode like the high nitrates, and
they are the ones used for plastics, rayons, and
lacquers, although their use for clothing fabrics
is restricted by law. The names cellulose nitrate
and pyroxylin are used for the compounds of
lower nitration, and the term nitrocellulose is
used for the explosives.

Cellulose nitrate is the toughest of the
thermoplastics. It has a specific gravity of 1.35
to 1.45, tensile strength of 41 to 52 MPa, elon-
gation 30 to 50%, compressive strength 137
to 206 MPa, Brinell hardness 8 to 11, and
dielectric strength 9.9 to 21.7 x 10° V/m. The
softening point is 71°C, and it is easy to mold
and easy to machine. It also is readily dyed to
any color. It is not light stable, and is therefore
no longer used for laminated glass. It is resis-
tant to many chemicals, but has the disadvan-
tage that it is inflammable. The molding is
limited to pressing from flat shapes.

Among thermoplastics, it is remarkable for
toughness. For many applications today, how-
ever, cellulose nitrate is not practical because
of serious property shortcomings: heat sensitiv-
ity, poor outdoor aging, and very rapid burning.

Cellulose nitrate cannot be injection-
molded or extruded by the nonsolvent process
because it is unable to withstand the tempera-
tures these processes require. It is sold as films,
sheets, rods, or tubes, from which end products
may then be fabricated.

Cellulose nitrate yellows with age; if con-
tinuously exposed to direct sunlight, it yellows
faster and the surface cracks. Its rapid burning
must be considered for each potential applica-
tion to avoid unnecessary hazard.

The outstanding toughness properties of
cellulose nitrate lead to its continuing use in
such applications as optical frames, shoe eye-
lets, ping pong balls, and pen barrels.

CENTRIFUGAL CASTINGS

Centrifugal castings can be produced econom-
ically and with excellent soundness. They are
used in the automotive, aviation, chemical, and
process industries for a variety of parts having



a hollow, cylindrical form or for sections or
segments obtainable from such a form.

There are three modifications of centrifugal
casting: (1) true centrifugal casting, (2) semi-
centrifugal casting, and (3) centrifuging.

1. True centrifugal casting is used for
the production of cylindrical parts.
The mold is rotated, usually in a hor-
izontal plane, and the molten metal
is held against the wall by centrifugal
force until it solidifies.

2. Semicentrifugal casting is used for
disk- and wheel-shaped parts. The
mold is spun on a vertical axis, the
metal is introduced at the center of
the mold, and centrifugal force
throws the metal to the periphery.

3. Centrifuging is used to produce
irregular-shaped pieces. The method
differs from static casting only in that
the mold is rotated. Mold cavities are
fastened at the periphery of a revolv-
ing turntable, the metal is introduced
at the center, and thrown into the
molds through radial ingates.

The nature of the centrifugal casting pro-
cess assures a dense, homogeneous cast struc-
ture free from porosity. Because the metal solid-
ifies in a spinning mold under centrifugal force,
it tends to be forced against the mold wall while
impurities, such as sand, slag, and gases, are
forced toward the inside of the tube. Another
advantage of centrifugal casting is that recovery
can run as high as 90% of the metal poured.

Certain types of castings are produced in
centrifugal casting machines. There are essen-
tially two types of those machines — the hor-
izontal type that rotates about a horizonal axis
and the vertical type that rotates about a vertical
axis. In general, horizontal machines are used
to make pipe, tubes, bushings, cylinder sleeves,
and other cylindrical or tubular castings that are
simple in shape. Castings that are not cylindri-
cal, or even symmetrical, can be made using
vertical centrifugal casting machines.

© 2002 by CRC Press LLC

FErrROUS CASTINGS

Centrifugal castings can be made of many of
the ferrous metals — cast irons, carbon and
low-alloy steels, and duplex metals.

Mechanical Properties

Regardless of alloy content, the tensile proper-
ties of irons cast centrifugally are reported to
be higher than those of static castings produced
from the same heat. Hydrostatic tests of cylin-
der liners produced by both methods show that
centrifugally cast liners withstand about 20%
more pressure than statically cast liners.

Freedom from directionality is one of
the advantages that centrifugal castings have
over forgings. Properties of longitudinal and
tangential specimens of several stainless grades
are substantially equal.

Shapes, Sizes, Tolerances

The external contours of centrifugal castings
are not limited to circular forms. The contours
can be elliptical, hexagonal, or fluted, for exam-
ple. However, the nature of the true centrifugal
casting process limits the bore to a circular
cross section.

Iron and steel centrifugally cast tubes and
cylinders are produced commercially with
diameters ranging from 28.6 to 1500 mm, wall
thickness of 0.25 to 102 mm, and in lengths up
to 14.30 m. Generally it is impractical to pro-
duce castings with the a ratio of the outside
diameter to the inside diameter greater than
about 4 to 1. The upper limit in size is governed
by the cost of the massive equipment required
to produce heavy castings.

As-cast tolerances for centrifugal eastings
are about the same as those for static castings.
For example, tolerances on the outside diameter
of centrifugally cast gray iron pipe range from
0.3 mm for 76 mm diameter to 0.6 mm. for
1.2 m diameter. Inside-diameter tolerances are
greater, because they depend not only on the
mold diameter, but also on the quantity of metal
cast; the latter varies from one casting to another.
These tolerances are generally about 50%
greater than those on outside diameters. Casting
tolerances depend to some extent also on the
shrinkage allowance for the metal being cast.



The figures given above apply to castings
to be used in the unmachined state. For castings
requiring machining, it is customary to allow
2.35 to 3.2 mm on small castings and up to 6.4
mm on larger castings. If the end use requires
a sliding fit, broader tolerances are generally
specified to permit additional machining on the
inside surface.

Cast Irons

Large tonnages of gray iron are cast centrifu-
gally. The relatively low pouring temperatures
and good fluidity of the common grades make
them readily adaptable to the process. Various
alloy grades that yield pearlitic, acicular, and
chill irons are also used. In addition, specialty
iron alloys such as “Ni-Hard” and “Ni-Resist,”
have been cast successfully.

Carbon and Low-Alloy Steels

Centrifugal castings are produced from carbon
steels having carbon contents ranging from 0.05
to 0.90%. Practically all of the AISI (American
Iron and Steel Institute) standard low-alloy
grades have also been cast.

Small-diameter centrifugally cast tubing in
the usual carbon steel grades is not competitive
in price with mechanical tubing having normal
wall thicknesses. However, centrifugally cast
tubing is less expensive than statically cast
material.

High-Alloy Steels

Most of the AISI stainless and heat-resisting
grades can be cast centrifugally. A particular
advantage of the process is its use in producing
tubes and cylinders from alloy compositions
that are difficult to pierce and to forge or roll.

The excellent ductility resulting in the
stainless alloys from centrifugal casting makes
it possible to reduce the rough cast tubes to
smaller-diameter tubing by hot- or cold-work-
ing methods. For example, billets of 18-8 stain-
less steel, 114.5 mm outside diameter by 16 mm
wall, have been redated to 27-gauge capillary
tubing without difficulty.
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Duplex Metals

Centrifugal castings with one metal on the out-
side and another on the inside are also in com-
mercial production. Combinations of hard and
soft cast iron, carbon steel, and stainless steel
have been produced successfully.

Duplex metal parts have been centrifugally
cast by two methods. In one, the internal mem-
ber of the pair is cast within a shell of the other.
This method has been used to produce aircraft
brake drums by centrifugally casting an iron
liner into a steel shell.

In the second method, both sections of the
casting are produced centrifugally; the metal
that is to form the outer portion of the combi-
nation is poured into the mold and solidified
and the second metal is introduced before the
first has cooled. The major limitation of this
method is that the solidification temperature of
the second metal poured must be the same or
lower than that of the first. This method is said
to form a strongly bonded duplex casting.

The possibilities of this duplex method for
producing tubing for corrosion-resistant appli-
cations and chemical pressure service have
been developed.

NONFERROUS CASTINGS

Nonferrous centrifugal castings are produced
from copper alloys, nickel alloys, and tin- and
lead-base bearing metals. Only limited applica-
tion of the process is made to light metals
because it is questionable whether any property
improvement is achieved; for example, differ-
ences in density between aluminum and its nor-
mal impurities are smaller than in the heavy
metals and consequently separation of the
oxides, a major advantage of the process, is not
so successful.

Shapes, Sizes, Tolerances

As with ferrous alloys, the external shapes of
nonferrous centrifugal castings can be ellipti-
cal, hexagonal, or fluted, as well as round.
However, the greatest overall tonnage of non-
ferrous castings is produced in plain or semi-
plain cylinders. The inside diameter of the cast-
ing is limited to a straight bore or one that can




be machined to the required contour with min-
imum machining cost.

Nonferrous castings are produced commer-
cially in outside diameter ranging from about
25.4 mm to 1.8 m and in lengths up to 8.1 m.
Weights of individual castings range from
0.2268 to 27300 kg.

Although tolerances on as-cast parts are
about the same as those for sand castings,
most centrifugal castings are finished by
machining. An advantage of centrifugal cast-
ing is that normally only a small machining
allowance is required; this allowance varies
from as little as 1.53 mm on small castings to
6.4 mm on the outside diameter of large-diam-
eter castings. A slightly larger machining
allowance is required on the bore to permit
removal of dross and other impurities that
segregate in this area.

Copper Alloys

A wide range of copper casting alloys is used
in the production of centrifugal castings. The
alloys include the plain brasses, leaded brasses
and bronzes, tin bronzes, aluminum bronzes,
silicon bronzes, manganese bronzes, nickel sil-
vers, and beryllium copper. The ASTM lists 32
copper alloys for centrifugal casting; in addi-
tion, there are a number of proprietary compo-
sitions that are regularly produced by centrifu-
gal casting.

Most of these alloys can be cast without
difficulty. Some trouble with segregation has
been reported in casting the high leaded (over
10% lead) alloys. However, alloys containing
up to 20% lead are being cast by some found-
ries; the requirements are (1) rapid chilling to
prevent excessive lead segregation and (2) close
control of speed.

The mechanical properties of centrifugally
cast copper alloys vary with the composition
and are affected by the mold material used.
Centrifugal castings produced in chill molds
have higher mechanical properties than those
obtained by casting in sand molds. However,
centrifugal castings made in sand molds have
properties about 10% higher than those
obtained on equivalent sections of castings pro-
duced in static sand molds. (Castings produced
in centrifugal chill molds have properties 20 to
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40% higher than those produced in static sand
molds.)

Nickel Alloys

Centrifugal castings of nickel 210, 213, and
305; “Monel” alloys 410, 505, and 506; and
“Inconel” alloys 610 and 705 are commercially
available in cylindrical tubes. Centrifugal cast-
ings are also produced from the heat-resisting
alloys 60% nickel-12% chromium and 66%
nickel-17% chromium. These alloys should
behave like other materials and show improved
density with accompanying improvement in
mechanical properties. The nickel alloys are
employed for service under severe corrosion,
abrasion, and galling conditions.

Bearing Metals

Centrifugal casting is a standard method of pro-
ducing lined bearings. Steel cylinders, after
being cleaned, pickled, and tinned, are rotated
while tin- or lead-base bearing alloys are cast
into them. The composite cylinder is then cut
lengthwise, machined, and finished into split
bearings.

CERAMIC FIBERS

Alumina-silica (Al,0,-Si0,) fibers, frequently
referred to as ceramic fibers, are formed by
subjecting a molten stream to a fiberizing force.
Such force may be developed by high-velocity
gas jets or rotors or intricate combinations of
these. The molten stream is produced by melt-
ing high-purity ALLO; and SiO,, plus suitable
fluxing agents, and then pouring this melt
through an orifice. The jet or rotor atomizes the
molten stream and attenuates the small particles
into fine fibers as supercooling occurs.

The resulting fibrous material is a versatile
high-temperature insulation for continuous ser-
vice in the 538 to 1260°C range. It thus bridges
the gap between conventional inorganic fiber
insulating materials (e.g., asbestos, mineral
wool, and glass) and insulating refractories.

Al,0,-Si0, fibers have a maximum contin-
uous use temperature of 1093 to 1260°C, and
a melting point of over 1760°C. If the fiber is
exposed to temperature in excess of 1093°C for



extended periods of time, a phenomenon called
devitrification occurs. This is a change in the
orientation of the molecular structure of the
material from the amorphous state (random ori-
entation) to the crystalline state (definitely
arranged pattern). Insulating properties are not
affected by this phase change but the material
becomes more brittle.

Most ceramic fibers have an Al,O; content
from 40 to 60%, and an SiO, content from 40
to 60%. Also contained in the fibers are from
1.5 to 7% oxides of sodium, boron, magnesium,
calcium, titanium, zirconium, and iron.

Fibers as formed resemble a cottonlike
mass with individual fiber length varying from
short to 254 mm, and diameters from less than
1 to 10 um. Larger-diameter fibers are produced
for specific applications. In all processes, some
unfiberized particles are formed that have diam-
eters up to 40 um.

Low density, excellent thermal shock resis-
tance, and very low thermal conductivity are
the properties of Al,0,-SiO, fibers that make
them an excellent high-temperature insulating
material. Available in a variety of forms,
ceramic fiber is in ever-increasing demand due
to higher and higher temperatures now found
in industrial and research processes.

APPLICATIONS

Ceramic fibers were originally developed for
application in insulating jet engines. Now, this
is only one of numerous uses for this material.
It can be found in aircraft and missile applica-
tions where a high-temperature insulating
medium is necessary to withstand the searing
heat developed by rockets and supersonic air-
craft. Employed as a thermal-balance and pres-
sure-distribution material, ceramic fiber in the
form of paper has made possible the efficient
brazing of metallic honeycomb-sandwich
structures.

Successful trials have been conducted in
aluminum processing where this versatile prod-
uct in paper or molded form has been used to
transport molten metal with very little heat loss.
Such fibrous bodies are particularly useful in
these applications because they are not readily
wet by molten aluminum.
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Industrial furnace manufacturers utilize
lightweight ceramic fiber insulation between
firebrick and the furnace shell. It is also used
for “hot topping,” heating element cushions,
and as expansion joint packing to reduce heat
loss and maintain uniform furnace tempera-
tures.

Use of this new fiber as combustion cham-
ber liners in oil-fired home heating units has
materially improved heat-transfer efficiencies.
The low heat capacity and light weight, com-
pared to previously used firebrick, improve fur-
nace performance and offer both customer and
manufacturer many benefits.

S1C FIBERS

These fibers, capable of withstanding tempera-
tures to about 1200°C, are manufactured from
a polymer precursor. The polymer is spun into
a fine thread, then pyrolized to form a 15-um
ceramic fiber consisting of fine SiC crystallites
and an amorphous phase. An advantage of the
process is that it uses technology developed for
commercial fiber products such as nylon and
polyester. Two commercial SiC fiber products
are the Ube Industries Tyranno fiber and the
Nippon Carbon Nicalon fiber.

CERAMIC-MATRIX
COMPOSITE

The class of materials known as ceramic-matrix
composites, or CMCs, shows considerable
promise for providing fracture-toughness val-
ues similar to those for metals such as cast iron.
Two kinds of damage-tolerant ceramic—ceramic
composites have been developed. One incorpo-
rates a continuous reinforcing phase, such as a
fiber; the other, a discontinuous reinforcement,
such as whiskers. The major difference between
the two is in their failure behavior. Continuous-
fiber-reinforced materials do not fail catastroph-
ically. After matrix failure, the fiber can still
support a load. A fibrous failure is similar to
that which occurs in wood.

Incorporating whiskers into a ceramic
matrix improves resistance to crack growth,
making the composite less sensitive to flaws.
These materials are commonly described as



being flaw tolerant. However, once a crack
begins to propagate, failure is catastrophic.

Of particular importance to the technology
of toughened ceramics has been the develop-
ment of high-temperature SiC reinforcements.

S1C FILAMENTS

SiC filaments are prepared by chemical vapor
disposition. A thick layer of SiC is deposited
on a thin fiber substrate of tungsten or carbon.
Diameter of the final product is about 140 um.

Although developed initially to reinforce
aluminum and titanium matrices, SiC filaments
have since been used as reinforcement in Si;N,.

SIC WHISKERS

SiC whiskers consist of a fine (0.5-5 pm-diam-
eter) single-crystal structure in lengths to 100
wm. The material is strong (to 15.9 GPa) and is
stable at temperatures to 1800°C. Whiskers can
be produced by heating SiO, and carbon sources
with a metal catalyst in the proper environments.

Although these materials are relatively new,
at least one successful commercial product is
already being marketed. An SiC-whisker-rein-
forced Al,O, cutting-tool material is being used
to machine nickel-based superalloys. In addi-
tion, considerable interest has been generated
in reinforcing other matrices such as mullite,
SiC, and Si;N, for possible applications in auto-
motive and aerospace industries.

DIMOX PRroCEss

CMC:s are steadily moving from the laboratory
to initial commercial applications. For example,
engineers are currently evaluating these mate-
rials for use in the hot gas zones of gas turbine
engines, because ceramics are known for their
strength and favorable creep behavior at high
temperatures. Advanced ceramics, for example,
can potentially be used at temperatures 204 to
482°C above the maximum operating tempera-
ture for superalloys.

Until recently, however, there has been
more evaluation than implementation of
advanced ceramics for various reasons. Mono-
lithic or single-component ceramics, for exam-
ple, lack the required damage tolerance and
toughness. Engine designers are put off by the
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potential of ceramic material for catastrophic,
brittle failures. Although many CMCs have
greater toughness, they are also difficult to pro-
cess by traditional methods, and may not have
the needed long-term high-temperature resis-
tance.

A relatively new method for producing
CMCs developed by Lanxide Corp. promises
to overcome the limitations of other ceramic
technologies. Called the DIMOX directed metal
oxidation process, it is based on the reaction of
a molten metal with an oxidant, usually a gas,
to form the ceramic matrix. Unlike the sintering
process, in which ceramic powders and fillers
are consolidated under heat, directed metal oxi-
dation grows the ceramic matrix material
around the reinforcements.

Examples of ceramic matrices that can be
produced by the DIMOX directed metal oxida-
tion process include Al,O;, A1,Tis, AIN, TiN,
ZrN, TiC, and ZrC. Filler materials can be any-
thing chemically compatible with the ceramic,
parent metal, and growth atmosphere.

The first step in the process involves making
a shaped preform of the filler material. Preforms
consisting of particles are fabricated with tradi-
tional ceramic-forming techniques, while fiber
preforms are made by weaving, braiding, or lay-
ing up woven cloth. Next, the preform is put in
contact with the parent metal alloy. A gas-per-
meable growth barrier is applied to the surfaces
of this assembly to limit its shape and size.

The assembly, supported in a suitable
refractory container, is then heated in a furnace.
For aluminum systems, temperatures typically
range from 899 to 1149°C. The parent metal
reacts with the surrounding gas atmosphere to
grow the ceramic reaction product through and
around the filler to form a CMC.

Capillary action within the growing
ceramic matrix continues to supply molten
alloy to the growth front. There, the reaction
continues until the growing matrix reaches the
barrier. At this point, growth stops, and the part
is cooled to ambient temperature. To recover
the part, the growth barrier and any residual
parent metal are removed. However, some of
the parent metal (5 to 15% by volume) remains
within the final composite in micron-sized
interconnected channels.



Traditional ceramic processes use sintering
or hot pressing to make a solid CMC out of
ceramic powders and filler. Part size and shapes
are limited by equipment size and the shrinkage
that occurs during densification of the powders
can make sintering unfeasible. Larger parts
pose the biggest shrinkage problem. Advan-
tages of the directed metal oxidation process
include no shrinkage because matrix formation
occurs by a growth process. As a result, toler-
ance control and large part fabrication can be
easier with directed metal oxidation.

In addition, the growth process forms a
matrix whose grain boundaries are free of
impurities or sintering aids. Traditional meth-
ods often incorporate these additives, which
reduce high-temperature properties. And cost
comparisons show the newer process is a prom-
ising replacement for traditional methods.

CERAMICS

Ceramics are inorganic, nonmetallic materials
processed or consolidated at high temperature.
Ceramics, one of the three major material fam-
ilies, are crystalline compounds of metallic and
nonmetallic elements. The ceramic family is
large and varied, including such materials as
refractories, glass, brick, cement and plaster,
abrasives, sanitaryware, dinnerware, artware,
porcelain enamel, ferroelectrics, ferrites, and
dielectric insulators. There are other materials
that, strictly speaking, are not ceramics, but that
nevertheless are often included in this family.
These are carbon and graphite, mica, and asbes-
tos. Also, intermetallic compounds, such as alu-
minides and beryllides, which are classified as
metals, and cermets, which are mixtures of met-
als and ceramics, are usually thought of as
ceramic materials because of similar physical
characteristics to certain ceramics.

Ceramic materials can be subdivided into
traditional and advanced ceramics. Traditional
ceramics include clay-base materials such as
brick, tile, sanitaryware, dinnerware, clay pipe,
and electrical porcelain. Common-usage glass,
cement, abrasives, and refractories are also
important classes of traditional ceramics.

Advanced materials technology is often
cited as an “enabling” technology, enabling
engineers to design and build advanced systems
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for applications in fields such as aerospace,
automotive, and electronics. Advanced ceram-
ics are tailored to have premium properties
through application of advanced materials sci-
ence and technology to control composition and
internal structure. Examples of advanced
ceramic materials are Si;N,, SiC, toughened
Zr0O,, ZrO,-toughened Al,O;, AIN;, PbMg nio-
bate, PbLa titanate, SiC-whisker-reinforced
Al,O;, carbon-fiber-reinforced glass ceramic,
SiC-fiber-reinforced SiC, and high-temperature
superconductors. Advanced ceramics can be
viewed as a class of the broader field of
advanced materials, which can be divided into
ceramics, metals, polymers, composites, and
electronic materials. There is considerable
overlap among these classes of materials.
Advanced ceramics can be subdivided into
structural and electronic ceramics based on pri-
mary function or application. Optical and mag-
netic materials are usually included in the elec-
tronic classification. Structural applications
include engine components, cutting tools, bear-
ings, valves, wear- and corrosion-resistant
parts, heat exchangers, fibers and whiskers, and
biological implants. The electronic-magnetic-
optic functions include electronic substrates,
electronic packages, capacitors, transducers,
magnets, waveguides, lamp envelopes, dis-
plays, sensors, and ceramic superconductors.
Thermal insulation, membranes, and filters are
important advanced ceramic product areas that
do not fit well into either the structural or the
electronic class of advanced ceramics.
Advanced ceramics are differentiated from
traditional ceramics such as brick and porcelain
by their higher strength, higher operating tem-
peratures, improved toughness, and tailorable
properties. Also known as engineered ceramics,
these materials are replacing metals in applica-
tions where reduced density and higher melting
points can increase efficiency and speed of
operation. The nature of the bond between
ceramic particles helps differentiate engineer-
ing ceramics from conventional ceramics. Most
particles within an engineering ceramic are
self-bonded, that is, joined at grain boundaries
by the same energy-equilibrium mechanism
that bonds metal grains together. In contrast,
most nonengineering ceramic particles are
joined by a so-called ceramic bond, which is a




weaker, mechanical linking or interlocking of
particles. Generally, impurities in nonengineer-
ing ceramics prevent the particles from self-
bonding.

A broad range of metallic and nonmetallic
elements are the primary ingredients in ceramic
materials. Some of the common metals are alu-
minum, silicon, magnesium, beryllium, tita-
nium, and boron. Nonmetallic elements with
which they are commonly combined are O,,
carbon, or N,. Ceramics can be either simple,
one-phase materials composed of one com-
pound, or multiphase, consisting of a combina-
tion of two or more compounds. Two of the
most common are single oxide ceramics, such
as alumina (Al,O;) and magnesia (MgO), and
mixed oxide ceramics, such as cordierite (mag-
nesia alumina silica) and forsterite (magnesia
silica). Other newer ceramic compounds
include borides, nitrides, carbides, and silicides.
Macrostructurally, there are essentially three
types of ceramics: crystalline bodies with a
glassy matrix; crystalline bodies, sometimes
referred to as holocrystalline; and glasses.

The specific gravities of ceramics range
roughly from 2 to 3. As a class, ceramics are
low-tensile-strength, relatively brittle materials.
A few have strengths above 172 MPa, but most
have less than that. Ceramics are notable for the
wide difference between their tensile and com-
pressive strengths. They are normally much
stronger under compressive loading than in ten-
sion. It is not unusual for a compressive strength
to be five to ten times that of the tensile strength.
Tensile strength varies considerably depending
on composition and porosity.

One of the major distinguishing character-
istics of ceramics, as compared to metals, is
their almost total absence of ductility. They fail
in a brittle fashion. Lack of ductility is also
reflected in low impact strength, although
impact strength depends to a large extent on the
shape of the part. Parts with thin or sharp edges
or curves and with notches have considerably
lower impact resistance than those with thick
edges and gently curving contours.

Ceramics are the most rigid of all materials.
A majority of them are stiffer than most metals,
and the modulus of elasticity in tension of a
number of types runs as high as 0.3 to 0.4
million MPa compared with 0.2 million MPa
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for steel. In general, they are considerably
harder than most other materials, making them
especially useful as wear-resistant parts and for
abrasives and cutting tools.

Ceramics have the highest known melting
points of materials. Hafnium and TaC, for
example, have melting points slightly above
3870°C, compared to 3424°C for tungsten. The
more conventional ceramic types, such as
Al,O;, melt at temperatures above 1927°C,
which is still considerably higher than the melt-
ing point of all commonly used metals. Thermal
conductivities of ceramic materials fall between
those of metals and polymers. However, ther-
mal conductivity varies widely among ceram-
ics. A two-order magnitude of variation is pos-
sible between different types, or even between
different grades of the same ceramic. Compared
to metals and plastics, the thermal expansion of
ceramics is relatively low, although like thermal
conductivity it varies widely between different
types and grades. Because the compressive
strengths of ceramic materials are five to ten
times greater than tensile strength, and because
of relatively low heat conductivity, ceramics
have fairly low thermal-shock resistance. How-
ever, in a number of ceramics, the low thermal
expansion coefficient succeeds in counteracting
to a considerable degree the effects of thermal
conductivity and tensile-compressive-strength
differences.

Practically all ceramic materials have
excellent chemical resistance, and are relatively
inert to all chemicals except hydrofluoric acid
and, to some extent, hot caustic solutions.
Organic solvents do not affect them. Their high
surface hardness tends to prevent breakdown by
abrasion, thereby retarding chemical attack. All
technical ceramics will withstand prolonged
heating at a minimum of 999°C. Therefore,
atmospheres, gases, and chemicals cannot pen-
etrate the material surface and produce internal
reactions that are normally accelerated by heat.

Unlike metals, ceramics have relatively few
free electrons and therefore are essentially non-
conductive and considered to be dielectric. In
general, dielectrical strengths, which range
between 7.8 X 10° and 13.8 x 10° V/m, are lower
than those of plastics. Electrical resistivity of
many ceramics decreases rather than increases



with an increase in impurities, and is markedly
affected by temperature.

FABRICATION PROCESSES

A wide variety of processes are used to fabricate
ceramics. The process chosen for a particular
product is based on the material, shape, com-
plexity, property requirements, and cost.
Ceramic fabrication processes can be divided
into four generic categories: powder, vapor,
chemical, and melt processes.

Powder Processes

Traditional clay-base ceramics and most refrac-
tories are fabricated by powder processes as are
the majority of advanced ceramics. Powder pro-
cessing involves a number of sequential steps.
These are preparation of the starting powders,
forming the desired shape (green forming),
removal of water and organics, heating with or
without application of pressure to densify the
powder, and finishing.

Vapor Processes

The primary vapor processes used to fabricate
ceramics are chemical vapor deposition (CVD)
and sputtering. Vapor processes have been find-
ing an increasing number of applications. CVD
involves bringing gases containing the atoms to
make up the ceramic into contact with a heated
surface, where the gases react to form a coating.
This process is used to apply ceramic coatings
to metal and tungsten carbide (WC) cutting
tools as well as to apply a wide variety of other
coatings for wear, electronic, and corrosion
applications. CVD can also be used to form
monolithic ceramics by building up thick coat-
ings. A form of CVD known as chemical vapor
infiltration (CVI) has been developed to infil-
trate and coat the surfaces of fibers in woven
preforms.

Several variations of sputtering and other
vacuum-coating processes can be used to form
coatings of ceramic materials. The most com-
mon process is reactive sputtering, used to form
coatings such as TiN on tool steel.

© 2002 by CRC Press LLC

Chemical Processes

A number of different chemical processes are
used to fabricate advanced ceramics. The CVD
process described above as a vapor process is
also a chemical process. Two other chemical
processes finding increasing application in
advanced ceramics are polymer pyrolysis and
sol-gel technology.

Melt Processes

These are used to manufacture glass, to fuse-
cast refractories for use in furnace linings, and
to grow single crystals. Thermal spraying can
also be classified as a melt process. In this pro-
cess a plasma-spray gun is used to apply
ceramic coatings by melting and spraying pow-
ders onto a substrate.

MEeTAL OxiDE CERAMICS

Although most metals form at least one chem-
ical compound with O,, only a few oxides are
useful as the principal constituent of a ceramic.
And of these, only three are used in their fairly
pure form as engineering ceramics: Al,O;, BeO,
and ZrO,.

The natural alloying element in the Al,O4
system is SiO,. However, Al,O5s can be alloyed
with chromium (which forms a second phase
with the AL,O; and strengthens the ceramic) or
with various oxides of silicon, magnesium, or
calcium.

Al,O;s serve well at temperatures as high
as 1925°C provided they are not exposed to
thermal shock, impact, or highly corrosive
atmospheres. Above 2038°C, strength of Al,O,
drops. Consequently, many applications are in
steady-state, high-temperature environments,
but not where abrupt temperature changes
would cause failure from thermal shock. Al,O;s
have good creep resistance up to about 816°C
above which other ceramics perform better. In
addition, Al,O;s are susceptible to corrosion
from strong acids, steam, and sodium. See
Aluminum.

BeO ceramics are efficient heat dissipaters
and excellent electrical insulators. They are
used in electrical and electronics applications,
such as microelectric substrates, transistor
bases, and resistor cores. BeO has excellent




thermal shock resistance (some grades can
withstand 816°C/s changes), a very low coeffi-
cient of thermal expansion (CTE), and a high
thermal conductivity. It is expensive, however,
and is an allergen to which some persons are
sensitive. See Beryllium.

ZrO, is used primarily for its extreme inert-
ness to most metals. ZrO, ceramics retain
strength nearly up to their melting point — well
over 2205°C, the highest of all ceramics. Appli-
cations for fused or sintered ZrO, include cru-
cibles and furnace bricks. See Zirconium.

Transformation-toughened ZrO, ceramics
are among the strongest and toughest ceramics
made. These materials are of three main types:
Mg-PSZ (ZrO, partially stabilized with MgO),
Y-TZP (Y,0; stabilized tetragonal ZrO, poly-
crystals), and ZTA (ZrO,-toughened AL, O5).

Applications of Mg-PSZ ceramics are prin-
cipally in low- and moderate-temperature abra-
sive and corrosive environments — pump and
valve parts, seals, bushings, impellers, and knife
blades. Y-TZP ceramics (stronger than Mg-PSZ
but less flaw tolerant) are used for pump and
valve components requiring wear and corrosion
resistance in room-temperature service. ZTA
ceramics, which have lower density, better ther-
mal shock resistance, and lower cost than the
other two, are used in transportation equipment
where they need to withstand corrosion, ero-
sion, abrasion, and thermal shock.

Many engineering ceramics have multiox-
ide crystalline phases. An especially useful one
is cordierite (MgO-Al,0,-Si0;), which is used
in cellular ceramic form as a support for a wash-
coat and catalyst in catalytic converters in auto-
mobile emissions systems. Its low CTE is a
necessary property for resistance to thermal
fracture.

Grass CERAMICS

Glass ceramics are formed from molten glass
and subsequently crystallized by heat treat-
ment. They are composed of several oxides that
form complex, multiphase microstructures.
Glass ceramics do not have the strength-limit-
ing porosity of conventional sintered ceramics.
Properties can be tailored by control of the crys-
talline structure in the host glass matrix. Major
applications are cooking vessels, tableware,
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smooth cooktops, and various technical prod-
ucts such as radomes.

The three common glass ceramics,
Li—-Al-SiO; (LAS, or beta spodumene),
Mg-Al-SiO; (MAS, or cordierite), and
Al-SiO; (AS, or aluminous keatite), are stable
at high temperatures, have near-zero CTEs, and
resist various forms of high-temperature corro-
sion, especially oxidation. LAS and AS have
essentially no measurable thermal expansion up
to 427°C. The high SiO, content of LAS is
responsible for the low thermal expansion, but
the SiO, also decreases strength. LAS is
attacked by sulfur and sodium.

MAS is stronger and more corrosion resis-
tant than LAS. A multiphased version of this
material, MAS with AITiO;, has good corrosion
resistance up to 1093°C.

AS, produced by leaching lithium out of
LAS particles prior to forming, is both strong
and corrosion resistant. It has been used, for
example, in an experimental rotating regenera-
tor for a turbine engine.

A proprietary ceramic (Macor) called
machinable glass ceramic (MGC), is about as
strong as Al,O,. It also has many of the high-
temperature and electrical properties of the
glass ceramics. The main virtue of this material
is that it can be machined with conventional
tools. It is available in bars, or it can be rough-
formed, then finish-machined. Machined parts
do not require firing.

A similar glass ceramic is based on chem-
ically machinable glass that, in its initial state,
is photosensitive. After the glass is sensitized
by light to create a pattern, it is chemically
machined (etched) to form the desired article.
The part can then be used in its glassy state, or
it can be fired to convert it to a glass ceramic.
This material/process combination is used
where precision tolerances are required and
where a close match to thermal expansion char-
acteristics of metals is needed. Typical applica-
tions are sliders for disk-memory read/write
heads, wire guides for dot-matrix printers, cell
sheets for gas-discharge displays, and sub-
strates for thick-film and thin-film metalliza-
tion.

Another ceramic-like material, glass-bonded
mica, the moldable/machinable ceramic, is also
called a “ceramoplastic” because its properties



are similar to those of ceramics, but it can be
machined and molded like a plastic material. A
glass/mica mixture is pressed into a preform,
heated to make the glass flow, then transfer- or
compression-molded to the desired shape. The
material is also formed into sheets and rods that
can be machined with conventional carbide tool-
ing. No firing is required after machining.

The thermal-expansion coefficient of glass-
bonded mica is close to that of many metals.
This property, along with its extremely low
shrinkage during molding, allows metal inserts
to be molded into the material and also ensures
close dimensional tolerances. Molding toler-
ances as close as £0.01 mm can be held. Con-
tinuous service temperatures for glass-bonded
mica range from cryogenic to 371 or 704°C
depending upon material grade.

CERIUM

A chemical element, cerium (Ce) is the most
abundant metallic element of the rare earth
group in the periodic table. Cerium occurs
mixed with other rare earths in many minerals,
particularly monazite and blastnasite, and is
found among the products of the fission of ura-
nium, thorium, plutonium.

Ceric oxide, CeQ,, is the oxide usually
obtained when cerium salts of volatile acids are
heated. CeQ, is an almost white powder that is
insoluble in most acids, although it can be dis-
solved in H,SO, or other acids when a reducing
agent is present. The metal is an iron-gray color
and it oxidizes readily in air, forming a gray
crust of oxide. Misch metal, an alloy of cerium,
is used in the manufacture of lighter flints.
Cerium has the interesting property that, at very
low temperatures or when subjected to high
pressures, it exhibits a face-centered cubic
form, which is diamagnetic and 18% denser
than the common form.

CERMETS

A composite material made up of ceramic par-
ticles (or grains) dispersed in a metal matrix.
Particle size is greater than 1 wm, and the vol-
ume fraction is over 25% and can go as high
as 90%. Bonding between the constituents
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results from a small amount of mutual or partial
solubility. Some systems, however, such as the
metal oxides, exhibit poor bonding between
phases and require additions to serve as bond-
ing agents. Cermet parts are produced by pow-
der-metallurgy (P/M) techniques. They have a
wide range of properties, depending on the
composition and relative volumes of the metal
and ceramic constituents. Some cermets are
also produced by impregnating a porous
ceramic structure with a metallic matrix binder.
Cermets can also be used in powder form as
coatings. The powdered mixture is sprayed
through an acetylene flame, and it fuses to the
base material; see Table C.7.

Although a great variety of cermets have
been produced on a small scale, only a few
types have significant commercial use. These
fall into two main groups: oxide-base and car-
bide-base cermets. Other important types
include the TiC-base cermets, Al,O5-base cer-
mets, and UO, cermets specially developed for
nuclear reactors.

TABLE C.7
Representative Components of Cermets

Class Ceramic Metal Addition
Oxides Al,O, Al, Be, Co, Co—Cr, Fe,
stainless steel
Cr,04 Cr
MgO Al, Be, Co, Fe, Mg
Sio, Cr, Si
71O, Zr
uo, Zr, Al, stainless steel
Carbides SiC Ag, Si, Co, Cr
TiC Mo, W, Fe, Ni, Co,
Inconel, Hastelloy,
stainless steel,
Vitallium
WwC Co
Cr,C, Ni, Si
Borides Cr;B, Ni
TiB, Fe, Ni, Co
ZrB, Ni
Silicides MoSi, Ni, Co, Pt, Fe, Cr
Nitrides TiN Ni

Source: McGraw-Hill Encyclopedia of Science and Tech-
nology, 8th ed., Vol. 3, McGraw-Hill, New York, 483. With
permission.




The most common type of oxide-base cer-
mets contains Al,O5 ceramic particles (ranging
from 30 to 70% volume fraction) and a
chromium or chromium-alloy matrix. In gen-
eral, oxide-base cermets have specific gravities
between 4.5 and 9.0, and tensile strengths rang-
ing frorn 144 to 268 MPa. Their modulus of
elasticity ranges between 0.25 and 0.34 million
MPa, and their hardness range is A70 to 90 on
the Rockwell scale. The outstanding character-
istic of oxide-base cermets is that the metal or
ceramic can be either the particle or the matrix
constituent. The 6MgO-94Cr cermets reverse
the roles of the oxide and chromium, i.e., the
magnesium is added to improve the fabrication
and performance of the chromium. Chromium
is not ductile at room temperature. Adding MgO
not only permits press-forging at room temper-
ature but also increases oxidation resistance to
five times that of pure chromium. Of the cer-
mets, the oxide-base alloys are probably the
simplest to fabricate. Normal P/M or ceramic
techniques can be used to form shapes, but these
materials can also be machined or forged. The
oxide-base cermets are used as a tool material
for high-speed cutting of difficult-to-machine
materials. Other uses include thermocouple-
protection tubes, molten-metal-processing
equipment parts, mechanical seals, gas-turbine
flame holders (resistance to flame erosion), and
flow control pins (because of Cr—ALO;’s resis-
tance to wetting and erosion by many molten
metals and to thermal shock).

There are three major groups of carbide-
base cermets: tungsten, chromium, and tita-
nium. Each of these groups is made up of a
variety of compositional types or grades. WC
cermets contain up to about 30% cobalt as the
matrix binder. They are the heaviest type of
cermet (specific gravity is 11 to 15). Their out-
standing properties include high rigidity, com-
pressive strength, hardness, and abrasion resis-
tance. Their modulus of elasticity ranges
between 0.45 and 0.65 million MPa, and they
have a Rockwell hardness of about A90. Struc-
tural uses of WC-Co cermets include wire-
drawing dies, precision rolls, gauges, and valve
parts. Higher-impact grades can be applied
where die steels were formerly needed to with-
stand inpact loading. Combined with superior
abrasion resistance, the higher impact strength
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results in die-life improvements as high, in
some cases, as 5000 to 7000%. Most TiC cer-
mets have nickel or nickel alloys as the metallic
matrix, which results in high-temperature resis-
tance. They have relatively low density com-
bined with high stiffness and strength at tem-
peratures above 1204°C. Typical properties are
specific gravity, 5.5 to 7.3; tensile strength, 517
to 1068 MPa; modulus of elasticity, 0.25 to 0.38
million MPa; and Rockwell hardness, A70 to
90. Typical uses are integral turbine wheels,
hot-upsetting anvils, hot-spinning tools, ther-
mocouple protection tubes, gas-turbine nozzle
vanes and buckets, torch tips, hot-mill-roll
guides, valves, and valve seats. CrC cermets
contain from 80 to 90% CrC, with the balance
being either nickel or nickel alloys. Their tensile
strength is about 241 MPa, and they have a
tensile modulus of about 0.34 to 0.39 million
MPa. Their Rockwell hardness is about AS88.
They have superior resistance to oxidation,
excellent corrosion resistance, and relatively
low density (specific gravity is 7.0). Their high
rigidity and abrasion resistance make them suit-
able for gauges, oil-well check valves, valve
liners, spray nozzles, bearing seal rings, and
pump rotors.

Other cermets are berium-carbon-
ate—nickel and tungsten-thoria, which are used
in higher-power pulse magnetrons. Some pro-
prietary compositions are used as friction mate-
rials. In brake applications, they combine the
thermal conductivity and toughness of metals
with the hardness and refractory properties of
ceramics. UO, cermets have been developed for
use in nuclear reactors. Cermets play an impor-
tant role in sandwich-plate fuel elements, and
the finished element is a siliconized SiC with a
core containing UQO,. Control rods have been
fabricated from B,C-stainless steel and rare
earth oxides—stainless steel. Other cermets
developed for use in nuclear equipment include
Cr-Al,O; cermets, Ni-MgO cermets, and
Fe—ZrC cermets. Nonmagnetic compositions
can be formulated for use where magnetic
materials cannot be tolerated.

INTERACTIONS

The reactions taking place between the metallic
and ceramic components during fabrication of



cermets may be briefly classified and described
as follows:

1. Heterogeneous mixtures with no
chemical reaction between the com-
ponents, characterized by a mechan-
ical interlocking of the components
without formation of a new phase, no
penetration of the metallic compo-
nent into the ceramic component,
and vice versa, and no alteration of
either component (example,
MgO-Ni).

2. Surface reaction resulting in the for-
mation of a new phase as an interfa-
cial layer that is not soluble in the
component materials. The thickness
of this layer depends on the diffusion
rate, temperature, and time of the
reaction (example, Al,O,—Be).

3. Complete reaction between the com-
ponents, resulting in the formation of
a solid solution characterized by a
polyatomic structure of the ceramic
and the metallic component (exam-
ple, TiC—Ni).

4. Penetration along grain boundaries
without the formation of interfacial
layers (example, Al,O;—Mo).

BONDING BEHAVIOR

One important factor in the selection of metallic
and ceramic components in cermets is their
bonding behavior. Bonding may be by surface
interaction or by bulk interaction. In cermets of
the oxide-metal type, for example, investigators
differentiate among three forms of surface
interaction: macrowetting, solid wetting, and
wetting assisted by direct lattice fit.

COMBINATIONS

One distinguishes basically between four dif-
ferent combinations of metal and ceramic
components: (1) the formation of continuous
interlocking phases of the metallic and
ceramic components, (2) the dispersion of the
metallic component in the ceramic matrix, (3)
the dispersion of the ceramic component in the
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metallic matrix, and (4) the interaction
between the metallic and ceramic components.

APPLICATIONS

Aside from the high-temperature applications
in turbine buckets, nozzle vanes, and impellers
for auxiliary power turbines, there is a wide
variety of applications for cermets based on var-
ious other properties. One of the most success-
ful applications for the TiC-base cermets is in
elements of temperature sensing and controlling
thermostats where their oxidation resistance
together with their low coefficient of thermal
expansion as compared with nickel-base alloys
are the important properties. Their ability to be
welded directly to the alloys is also important.

The TiC-base cermets are also used for bear-
ings and thrust runners in liquid metal pumps,
hot flash trimming and hot spinning tools, hot
rod mill guides, antifriction and sleeve-type
bearings, hot glass pinch jaws, rotary seals for
hot gases, oil well valve balls, etc.

CESIUM

A chemical element, cesium (symbol Cs) is the
heaviest of the alkali metals in group I. It is a
soft, light, very low melting temperature metal.
It is the most reactive of the alkali metals and
indeed is the most electropositive and the most
reactive of all the elements.

Cesium oxidizes easily in the air, ignites at
ordinary temperatures, and decomposes water
with explosive violence. It can be contained in
vacuum, inert gas, or anhydrous liquid hydro-
carbons protected from O, and air. The specific
gravity is 1.903, melting point 28.5°C, and boil-
ing point 670°C. It is used in low-voltage tubes
to scavenge the last traces of air. It is usually
marketed in the form of its compounds such as
cesium nitrate, CsNOj;, cesium fluoride, CsF, or
cesium carbonate, Cs,CO;. In the form of
cesium chloride, CsCl, it is used on the fila-
ments of radio tubes to increase sensitivity. It
interacts with the thorium of the filament to
produce positive tons. In photoelectric cells
CsCl is used for a photosensitive deposit on the
cathode, since cesium releases its outer electron
under the action of ordinary light, and its color
sensitivity is higher than that of other alkali




metals. The high-voltage rectifying tube for
changing AC to DC has cesium metal coated
on the nickel cathode, and has cesium vapor for
current carrying. The cesium metal gives off a
copious flow of electrons and is continuously
renewed from the vapor. Cesium vapor is also
used in the infrared signaling lamp as it produces
infrared waves without visible light. Cesium
salts have been used medicinally as antishock
agents after administration of arsenic drugs.

Cesium metal is generaly made by thermo-
chemical processes. The carbonate can be
reduced by metallic magnesium, or the chloride
can be reduced by CaC. Metallic cesium vola-
tilizes from the reaction mixture and is col-
lected by cooling the vapor.

CHEMICAL MILLED PARTS

Chemical milling is the process of producing
metal parts to predetermined dimensions by
chemical removal of metal from the surface.

Acid or alkaline, pickling, or etching baths
have been formulated to remove metal uni-
formly from surfaces without excessive etch-
ing, roughening, or grain boundary attack.
Simple immersion of a metal part will result
in uniform removal from all surfaces exposed
to the chemical solution. Selective milling is
accomplished by use of a mask to protect the
areas where no metal is to be removed. By
such means optimum strength per unit of con-
struction weight is achieved. Nonuniform mill-
ing can be done by the protective masking
procedure or by programmed withdrawal of
the part from the milling bath. Complex mill-
ing is done by multiple masking and milling
or withdrawal steps.

VERSATILITY OFFERED

The aircraft industry, as an example, utilizes
production chemical milling for weight reduc-
tion of large parts by means of precise etching.
The process is the most economical means of
removal of metal from large areas, nonplaner
surfaces, or complex shapes. A further advan-
tage is that metal is just as easily removed
from fully hardened as from annealed parts.
The advantages of chemical milling result
from the fact that metal removal takes place
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on all surfaces contacted by the etching solu-
tion. The solution will easily mill inside and
reentrant surfaces as well as thin metal parts
or parts that are multiple racked. The method
does not require elaborate fixturing or preci-
sion setups, and parts are just as easily milled
after forming as in the flat. Job lots and salvage
are treated, as well as production runs.

Maximum weight reduction is possible
through a process of masking, milling, measur-
ing, and remilling with steps repeated as nec-
essary. Planned processing is the key to produc-
tion of integrally stiffened structures milled so
that optimum support of stresses is attained
without the use of stiffening by attachment,
welding, or riveting.

A level of ability comparable to that
required for electroplating is necessary to pro-
duce chemically milled parts. Planned process-
ing, solution control, and developed skill in
masking and handling of the work are requisite
to success. Periods to train personnel, however,
are relatively short as compared to training for
other precision metal-removal processes.

Tooling requirements are simple. Chemi-
cals, tanks, racks, templates, a hoist, hangers,
and a few special hand and measuring tools are
required.

Although chemical milling skill can be
acquired without extensive training, it is not
feasible to expect to produce the extremes of
complexity and precision without an accumu-
lation of considerable experience. However, a
number of organizations are available that will
produce engineering quality parts on a job shop
basis. The processes are well established, com-
mercially, either in or out of the plant.

SpeciFic ETCHANTS NEEDED

It is anticipated that any metal or alloy can be
chemically milled. On the other hand, it does
take time to develop a specific process and only
those metals can be milled for which an etchant
has been developed, tested, and made available.
Aluminum alloys have been milled for many
years. Steel, stainless steel, nickel alloys, tita-
nium alloys, and superalloys have been milled
commercially and a great number of other met-
als and alloys have been milled experimentally
or on a small commercial scale.



It is advantageous to be able to mill a metal
without changing the heat-treated condition or
temper, as can be done chemically. Defective
or nonhomogeneous metal, however, can
respond unfavorably. Porous castings will
develop holes during milling and mechanically
or thermally stressed parts will change in shape
as stressed metal is removed. Good-quality
metal and controlled heat treating, tempering,
and stress relieving are essential to uniformity
and reproducibility.

ProCEss CHARACTERISTICS

Almost any metal size or shape can be milled;
limitations are imposed only by extreme con-
ditions such as complex shapes with inverted
pockets that will trap gases released during
milling, or very thin metal foil that is too flimsy
to handle. Shapes can be milled that are com-
pletely impractical to machine. For example,
the inside of a bent pipe could easily be reduced
in section by chemical removal of metal. This
possibility is used to advantage to reduce
weight on many difficult-to-machine areas such
as webs of forgings or walls of tubing. Thin
sections are produced by milling when alternate
machining methods are excessively costly and
the optimum in design demands thin metal
shapes that are beyond commercial casting,
drawing, or extruding capabilities.

Surface roughness is often reduced during
milling from a rough-machined, cast, or forged
surface to a semimatte finish. The milled fin-
ish may vary from about 30 to 250 uin.,
depending on the original finish, the alloy, and
the etchant. In some instances the production
of an attractive finish reduces finishing steps
and is a cost advantage. So-called etching that
takes place during milling often causes a
brightened finish and etchants have been devel-
oped that do not result in a loss of mechanical
properties.

COMPLEMENT MACHINING

Chemical milling has flourished in the aircraft
industry where paring away of every ounce of
weight is important. It has spread to instru-
ment industries where weight or balance of
working parts is important to the forces
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required to initiate and sustain motion. It has
also become a factor in the design of modern
weight-limited portable equipment.

A realistic appraisal of the limitations and
advantages of the process is essential to opti-
mum designs. The best designs result from
complementing mechanical, thermal, and
chemical processes. Chemical milling is not a
substitute for mechanical methods but, rather,
is more likely as an alternative where machin-
ing is difficult or economically unfeasible. It
does not compete with low-cost, mass produc-
tion mechanical methods but, rather, is success-
ful where other methods are limited due to the
configuration of the part.

TOLERANCES

It is good design practice to allow a complex
shape to be manufactured by the most econom-
ical combinations of mechanical and chemical
means. To allow this, print tolerances must
reflect allowances that are necessary to apply
chemical milling. Chemical milling will pro-
duce less well-defined cuts, radii, and surface
finishes. The tolerance of a milled cut will vary
with the depth of the cut. For 2.5-mm cut,
a tolerance in depth of cut of +0.10 m is
commercial. This must be allowed in addition
to the original sheet tolerance. Line definition
(deviation from a straight line) is usually 0.8
mm. Unmilled lands between two milled areas
should be 0.004 mm minimum. Greater preci-
sion can be had at a premium price.

In general, milling rates are about 0.0004
mm/s and depth of cut is controlled by the
immersion time. Cuts up to 12.7 mm are not
unrealistic although costs should be investi-
gated before designs are made that are depen-
dent on deep cuts.

LIMITATIONS

There are limitations to the process. Deep cuts
on opposite sides of a part should not be taken
simultaneously. One side can be milled at a time
but it is less costly to design for one cut rather
than two. Complex parts can be made by step
milling or by programmed removal of parts to
produce tapers. In general, step milling is less
expensive and more reliable. Chemical milling




engineers should be consulted relative to the
feasibility and cost of complex design. Very
close tolerance parts can be produced by mill-
ing, checking, masking, and remilling but such
a multiple-step process could be more costly
than machining.

CHLORINATED POLYETHER

Chlorinated polyether is a thermoplastic resin
used in the manufacture of process equipment.
Chemically, it is a chlorinated polyether of high
molecular weight, crystalline in character, and
is extremely resistant to thermal degradation at
molding and extrusion temperatures. It pos-
sesses a unique combination of mechanical,
electrical, and chemical-resistant properties,
and can be molded in conventional injection
and extrusion equipment.

PROPERTIES

Chlorinated polyether provides a balance of
properties to meet severe operating require-
ments. It is second only to the fluorocarbons in
chemical and heat resistance and is suitable for
high-temperature corrosion service.

Mechanical Properties

A major difference between chlorinated poly-
ether and other thermoplastics is its ability to
maintain its mechanical strength properties at
elevated temperatures. Heat distortion temper-
atures are above those usually found in thermo-
plastics and dimensional stability is exceptional
even under the adverse conditions found in
chemical plant operations. Resistance to creep
is significantly high and in sharp contrast to the
lower values of other corrosion-resistant ther-
moplastics. Water absorption is negligible,
assuring no change in molded shapes between
wet and dry environments.

Chemical Properties

Chlorinated polyether offers resistance to more
than 300 chemicals and chemical reagents, at
temperatures up to 121°C and higher, depend-
ing on environmental conditions. It has a
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spectrum of corrosion resistance second only
to certain of the fluorocarbons.

In steel construction of chemical processing
equipment chlorinated polyether liners or coat-
ings on steel substrates provide the combination
of protection against corrosion plus structural
strength of metal.

Electrical Properties

Along with the mechanical capabilities and
chemical resistance, chlorinated polyether has
good dielectric properties. Loss factors are
somewhat higher than those of polystyrenes,
fluorocarbons, and polyethylenes, but are lower
than many other thermoplastics. Dielectric
strength is high and electrical values show a
high degree of consistency over a range of fre-
quencies and temperatures.

FABRICATION

The material is available as a molding powder
for injection-molding and extrusion applica-
tions. It can also be obtained in stock shapes
such as sheet, rods, tubes, or pipe, and blocks
for use in lining tanks and other equipment, and
for machining gears, plugs, etc. In the form of
a finely divided powder it is used in a variety
of different coating processes.

The material can be injection-molded by
conventional procedures and equipment. Mold-
ing cycles are comparable to those of other
thermoplastics. Rods, sheet, tubes, pipe, blocks,
and wire coatings can be readily extruded on
conventional equipment and by normal produc-
tion techniques. Parts can be machined from
blocks, rods, and tubes on conventional metal-
working equipment.

Sheet can be used to convert carbon steel
tanks into vessels capable of handling highly
corrosive liquids at elevated temperatures.
Using a conventional adhesive system and hot
gas welding, sheet can be adhered to sand-
blasted metal surfaces.

Coatings of finely divided powder can be
applied by several coating processes and offer
chemical processors an effective and economi-
cal means for corrosion control. Using the flu-
idized bed process, pretreated, preheated metal
parts are dipped in an air-suspended bed of



finely divided powder to produce coatings,
which after baking are tough, pinhole free, and
highly resistant to abrasion and chemical attack.
Parts clad by this process are protected against
corrosion both internally and externally.

UsEs

Complete anticorrosive systems are available
with chlorinated polyether, and lined or coated
components, including pipe and fittings, tanks
and processing vessels, valves, pumps, and
meters.

Rigid uniform pipe extruded from solid
material is available in sizes ranging from 12.7
to 50.8 mm in either Schedule 40 or 80, and in
lengths up to 6 m. This pipe can be used with
injection-molded fittings with socket or
threaded connections.

Lined tanks and vessels are useful in obtain-
ing maximum corrosion and abrasion resistance
in a broad range of chemical exposure condi-
tions. Storage tanks, as well as processing ves-
sels protected with this impervious barrier, offer
areasonably priced solution to many processing
requirements.

A number of valve constructions can be
readily obtained from leading valve manufac-
turers. Solid injection-molded ball valves,
coated diaphragm, and plug valves are among
the variety available. Also available are dia-
phragm valves with solid chlorinated polyether
bodies.

CHLORINATED
POLYETHYLENE

This family of elastomers is produced by the
random chlorination of high-density polyethyl-
ene. Because of the high degree of chemical
saturation of the polymer chain, the most desir-
able properties are obtained by cross-linking
with the use of peroxides or by radiation. Sulfur
donor cure systems are available that produce
vulcanizates with only minor performance
losses compared to that of peroxide cures. How-
ever, the free radical cross-linking by means of
peroxides is most commonly used and permits
easy and safe processing, with outstanding shelf
stability and optimum cured properties.
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Chlorinated polyethylene elastomers are
used in automotive hose applications, premium
hydraulic hose, chemical hose, tubing, belting,
sheet packing, foams, wire and cable, and in a
variety of molded products. Properties include
excellent ozone and weather resistance, heat
resistance to 149°C (to 177°C in many types of
oil), dynamic flexing resistance, and good abra-
sion resistance.

CHLOROSULFONATED
POLYETHYLENE

This material, more commonly known as Hyp-
alon, can be compounded to have an excellent
combination of properties including virtually
total resistance to ozone and excellent resis-
tance to abrasion, weather, heat, flame, oxidiz-
ing chemicals, and crack growth. In addition,
the material has low moisture absorption, good
dielectric properties, and can be made in a wide
range of colors because it does not require car-
bon black for reinforcement. Resistance to oil
is similar to that of neoprene. Low-temperature
flexibility is fair at -40°C.

The material is made by reacting polyeth-
ylene with chlorine and SO, to yield chlorosul-
fonated polyethylene. The reaction changes the
thermoplastic polyethylene into a synthetic elas-
tomer that can be compounded and vulcanized.
The basic polyethylene contributes chemical
inertness, resistance to damage by moisture, and
good dielectric strength. Inclusion of chlorine
in the polymer increases its resistance to flame
(makes it self-extinguishing) and contributes to
its oil and weather resistance.

SELECTION

Hypalon is a special-purpose rubber, not par-
ticularly recommended for dynamic applica-
tions. The elastomer is produced in various
types, with generally similar properties. The
design engineer can best rely on the rubber
formulator to select the appropriate type for a
given application, based on the nature of the
part, the properties required, the exposure, and
the performance necessary for successful use.

In combination with properly selected com-
pounding ingredients, the polymer can be
extruded, molded, or calendered. In addition, it



can be dissolved to form solutions suitable for
protective or decorative coatings.

Initially used in pump and tank linings, tub-
ing, and comparable applications where chem-
ical resistance was of prime importance, this
synthetic rubber is now finding many uses
where its weatherability, its colorability, its
heat, ozone, and abrasion resistance, and its
electrical properties are of importance. Included
are jacketing and insulation for utility distribu-
tion cable, control cable for atomic reactors,
automotive primary and ignition wire, and line-
men’s blankets. Among heavy-duty applica-
tions are conveyor belts for high-temperature
use and industrial rolls exposed to heat, chem-
icals, or abrasion.

Interior, exterior, and underhood parts for
cars and commercial vehicles are an increas-
ingly important area of use. Representative
automotive applications are headliners, window
seals, spark plug boots, and tractor seat cover-
ings.

Chlorosulfonated polyethylene is used in
a variety of mechanical goods, such as V-belts,
motor mounts, O-rings, seals, and gaskets, as
well as in consumer products like shoe soles
and garden hose. It is also used in white side-
walls on automobile tires. In solution, it is
used for fluid-applied roofing systems and
pool liners, for masonry coatings, and various
protective-coating applications. It can also be
extruded as a protective and decorative veneer
for such products as sealing and glazing strips.

CHROMIUM

An elementary metal, chromium (symbol Cr)
is used in stainless steels, heat-resistant alloys,
high-strength alloy steels, electrical-resistance
alloys, wear-resistant and decorative electro-
plating, and, in its compounds, for pigments,
chemicals, and refractories. The specific gravity
is 6.92, melting point 1510°C, and boiling point
2200°C. The color is silvery white with a bluish
tinge. It is an extremely hard metal; the elec-
trodeposited plates have a hardness of 9 Mohs.
It is resistant to oxidation, is inert to HNO,, but
dissolves in HCI and slowly in H,SO,. At tem-
peratures above 816°C, it is subject to inter-
granular corrosion.
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Chromium occurs in nature only in combi-
nation. Its chief ore is chromite, from which it
is obtained by reduction and electrolysis. It is
marketed for use principally in the form of mas-
ter alloys with iron or copper.

Most pure chromium is used for alloying
purposes such as the production of Ni—Cr or
other nonferrous alloys where the use of the
cheaper ferrochrome grades of metal is not pos-
sible. In metallurgical operations such as the
production of low-alloy and stainless steels, the
chromium is added in the form of ferrochrome,
an electric-arc furnace product that is the form
in which most chromium is consumed.

Usks

Its bright color and resistance to corrosion make
chromium highly desirable for plating plumb-
ing fixtures, automobile radiators and bumpers,
and other decorative pieces. Unfortunately,
chrome plating is difficult and expensive. It
must be done by electrolytic reduction of
dichromate in H,SO, solution. It is customary,
therefore, to first plate the object with copper,
then with nickel, and finally, with chromium.

ALLOYS

In alloys with iron, nickel, and other metals,
chromium has many desirable properties.
Chrome steel is hard and strong and resists
corrosion to a marked degree. Stainless steel
contains roughly 18% chromium and 8%
nickel. Some chrome steels can be hardened by
heat treatment and find use in cutlery; still oth-
ers are used in jet engines. Nichrome and
chromel consist largely of nickel and chro-
mium; they have low electrical conductivity
and resist corrosion, even at red heat, so they
are used for heating coils in space heaters,
toasters, and similar devices. Other important
alloys are Hastelloy C — chromium, molyb-
denum, tungsten, iron, nickel — used in chem-
ical equipment that is in contact with HCI, oxi-
dizing acids, and hypochlorite. Stellite —
cobalt, chromium, nickel, carbon, tungsten (or
molybdenum) — noted for its hardness and
abrasion resistance at high temperatures, is
used for lathes and engine valves, and Inconel
— chromium, iron, nickel — is used in heat



treating and in corrosion-resistant equipment in
the chemical industry.

Biological Aspects

Chromium is essential to life. A deficiency (in
rats and monkeys) has been shown to impair
glucose tolerance, decrease glycogen reserve,
and inhibit the utilization of amino acids. It has
also been found that inclusion of chromium in
the diet of humans sometimes, but not always,
improves glucose tolerance.

On the other hand, chromates and dichro-
mates are severe irritants to the skin and mucous
membranes, so workers who handle large
amounts of these materials must be protected
against dusts and mists. Continued breathing of
the dusts finally leads to ulceration and perfo-
ration of the nasal septum. Contact of cuts or
abrasions with chromate may lead to serious
ulceration. Even on normal skin, dermatitis
fequently results.

CHROMIUM ALLOYS
AND STEELS

CHroMIUM COPPER

A name applied to master alloys of copper with
chromium used in the foundry for introducing
chromium into nonferrous alloys or to Cu—Cr
alloys, or chromium copper alloys, which are
high-copper alloys. A Cr—Cu master alloy. Elec-
tromet chromium copper, contains 8 to 11%
chromium, 88 to 90% copper, and a maximum
of 1% iron and 0.50% silicon.

Wrought chromium copper alloys are des-
ignated C18200, C18400, and C18500, and
contain 0.4 to 1.0% chromium. C18200 also
contains as much as 0.10% iron, 0.10% silicon,
and 0.05% lead. C18400 contains as much as
0.15% iron and 0.10% silicon, and several
other elements in small quantities. C18500 is
iron-free, and contains as much as 0.015%
lead, and several other elements in small quan-
tities. Soft, thus ductile, in the solution-treated
condition, these alloys are readily cold-worked
and can be subsequently precipitation-hard-
ened. Depending on such treatments, tensile
properties range from 241 to 482 MPa ultimate
strength, 103 to 427 MPa yield strength, and
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15 to 42% in elongation. Electrical conductiv-
ity ranges from 40 to 85% that of copper. Chro-
mium copper alloys are used for resistance-
welding electrodes, cable connectors, and elec-
trical parts.

Cr—Mo STEEL

This is any alloy steel containing chromium
and molybdenum as key alloying elements.
However, the term usually refers specifically
to steels in the American Iron and Steel Insti-
tute (AISI) 41XX series, which contain only
0.030 to 1.20% chromium and 0.08 to 0.35%
molybdenum. Chromium imparts oxidation
and corrosion resistance, hardenability, and
high-temperature strength. Molybdenum also
increases strength, controls hardenability, and
reduces the tendency to temper embrittlement.
AISI 4130 steel, which contains 0.30% carbon,
and 4140 (0.40%) are probably the most com-
mon and can provide tensile strengths well
above 1379 MPa. Many other steels have
greater chromium and/or molybdenum con-
tent, including high-pressure boiler steels,
most tool steels, and stainless steels. Croloy 2,
which is used for boiler tubes for high-pressure
superheated steam, contains 2% chromium and
0.50% max molybdenum, and is for tempera-
tures to 621°C, and Croloy 5, which has 5%
chromium and 0.50% max molybdenum, is for
temperatures to 649°C and higher pressures as
well as Croloy 7, which has 7% chromium and
0.50% molybdenum.

CHROMIUM STEELS

Any steel containing chromium as the predom-
inating alloying element may be termed chro-
mium steel, but the name usually refers to the
hard, wear-resisting steels that derive the prop-
erty chiefly from the chromium content.
Straight chromium steels refer to low-alloy
steels in the AISI 50XX, 51XX, and 61XX
series. Chromium combines with the carbon of
steel to form a hard CrC, and it restricts graph-
itization. When other carbide-forming elements
are present, double or complex carbides are
formed. Chromium refines the structure, pro-
vides deep-hardening, increases the elastic
limit, and gives a slight red-hardness so that the




steels retain their hardness at more elevated
temperatures. Chromium steels have great
resistance to wear. They also withstand quench-
ing in oil or water without much deformation.
Up to about 2% chromium may be included in
tool steels to add hardness, wear resistance, and
nondeforming qualities. When the chromium is
high, the carbon may be much higher than in
ordinary steels without making the steel brittle.
Steels with 12 to 17% chromium and about
2.5% carbon have remarkable wear-resisting
qualities and are used for cold-forming dies for
hard metals, for broaches, and for rolls. How-
ever, chromium narrows the hardening range of
steels unless balanced with nickel. Such steels
also work-harden rapidly unless modified with
other elements. The high-chromium steels are
corrosion resistant and heat resistant but are not
to be confused with the high-chromium stain-
less steels that are low in carbon, although the
non-nickel 4XX stainless steels are very defi-
nitely chromium steels. Thus, the term is indef-
inite but may be restricted to the high-chro-
mium steels used for dies, and to those with
lower chromium used for wear-resistant parts
such as ball bearings.

Chromium steels are not especially corro-
sion resistant unless the chromium content is at
least 4%. Plain chromium steels with more than
10% chromium are corrosion resistant even at
elevated temperatures and are in the class of
stainless steels, but are difficult to weld because
of the formation of hard brittle martensite along
the weld.

Chromium steels with about 1% chromium
are used for gears, shafts, and bearings. One of
the most widely used bearing steels is AISI
52100, which contains 1.3 to 1.6% chromium.
Many other chromium steels have greater chro-
mium content and, often, appreciable amounts
of other alloying elements. They are used
mainly for applications requiring corrosion,
heat, and/or wear resistance.

CRr-V STEELS

Alloy steel containing a small amount of chro-
mium and vanadium, the latter having the effect
of intensifying the action of the chromium and
the manganese in the steel and controlling grain
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growth. It also aids in formation of carbides,
hardening the alloy, and in increasing ductility
by the deoxidizing effect.

The amount of vanadium is usually 0.15 to
0.25%. These steels are valued where a combi-
nation of strength and ductility is desired. They
resemble those with chromium alone, with the
advantage of the homogenizing influence of the
vanadium. A Cr-V steel with 0.92% chromium,
0.20% vanadium, and 0.25% carbon has a ten-
sile strength up to 689 MPa, and when heat-
treated has a strength up to 1034 MPa and elon-
gation 16%. Cr-V steels are used for such parts
as crankshafts, propeller shafts, and locomotive
frames. High-carbon Cr-V steels are the mild-
alloy tool steels of high strength, toughness, and
fatigue resistance. The chromium content is
usually about 0.80%, with 0.20% vanadium,
and with carbon up to 1%.

CLAD METALS

Cladding means the strong, permanent bonding
of two or more metals or alloys metallurgically
bonded together to combine the characteristic
properties of each in composite form. Copper-
clad steel, for example, is used to combine the
electrical and thermal characteristics of copper
with the strength of steel. A great variety of
metals and alloys can be combined in two or
more layers, and they are available in many
forms, including sheet, strip, plate, tubing,
wire, and rivets for application in electrical and
electronic products, chemical-processing
equipment, and decorative trim, including auto
trim; see Figure C.1.

CLADDING PROCESSES

In the process a clad metal sheet is made by
bonding or welding a thick facing to a slab of
base metal; the composite plate is then rolled
to the desired thickness. The relative thickness
of the layers does not change during rolling.
Cladding thickness is usually specified as a per-
centage of the total thickness, commonly 10%.

Other cladding techniques, including a vac-
uum brazing process, have been developed. The
pack rolling process is still the most widely
used, however.
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FIGURE C.1 Types of cladding. (From McGraw-Hill
Encyclopedia of Science and Technology, 8th ed., Vol. 3,
McGraw-Hill, New York, 738. With permission.)

ALLOYS

Generally speaking, the choice of alloys used
in cladding is dictated by end use requirements
such as corrosion, abrasion, or strength.

Cladding supplies a combination of desired
properties not found in any one metal. A base
metal can be selected for cost or structural prop-
erties, and another metal added for surface pro-
tection or some special property such as elec-
trical conductivity. Thickness of the cladding
can be made much heavier and more durable
than obtainable by electroplating.

Combinations

The following clad materials are in common
use:

¢ Stainless steel on steel. Provides cor-
rosion resistance and attractive sur-
face at low cost for food display
cases, chemical-processing equip-
ment, sterilizers, and decorative trim.

Copper on steel. Adds electrical con-
ductivity and corrosion resistance
needed in immersion heaters and
electrical switch parts; facilitates sol-
dering.

Nickel or Monel on steel. Provides
resistance to corrosion and erosion
for furnace parts, blowers, chemical
equipment, toys, brush ferrules, and
many mechanical parts in industrial
and business machines; more durable
than electroplating.

Titanium on steel. Supplies high-
temperature corrosion resistance.
Bonding requires a thin sheet of
vanadium between titanium and
steel.

Bronze on copper. Usually clad on
both sides, for current-carrying
springs and switch blades; combines
good electrical conductivity and
good spring properties.

Silver on copper. Provides oxidation
resistance to surface of conductors,
for high-frequency electrical coils,
conductors, and braiding.

Silver on bronze or nickel. Adds cur-
rent-carrying capacity to low-con-
ductivity spring material; cladding
sometimes is in form of stripes or
inlays with silver areas serving as
built-in electrical contacts.

Gold on copper. Supplies chemical
resistance to a low-cost base metal
for chemical processing equipment.
Gold on nickel or brass. Adds chem-
ical resistance to a stronger base
metal than copper; also used for jew-
elry, wristbands, and watchcases.

APPLICATIONS

Stainless steel on copper. Combines
surface protection and high thermal
conductivity for pots and pans, and
for heat exchangers for chemical pro-
cesses.

Copper on aluminum. Reduces cost
of electrical conductors and saves
copper on appliance wiring.
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Gold-filled jewelry has long been made by the
cladding process: the surface is gold, the base
metal bronze or brass with the cladding thick-
ness usually 5%. The process is used to add
corrosion resistance to steel and to add electrical
or thermal conductivity, or good bearing prop-
erties, to strong metals. One of the first indus-
trial applications was the use of a nickel-clad
steel plate for a railroad tank car to transport



caustic soda; stainless clad steels are used for
food and pharmaceutical equipment. Corrosion-
resistant pure aluminum is clad to a strong dur-
alumin base, and many other combinations of
metals are widely used in cladding; there is also
a technique for cladding titanium to steel for jet
engine parts.

Today’s coinage uses clad metals as a
replacement for rare silver. Dimes and quarters
have been minted from composite sheet con-
sisting of a copper core with Cu—Ni facing. The
proportion of core and facing used duplicates
the weight and electrical conductivity of silver
so the composite coins are acceptable in vend-
ing machines.

A three-metal composite sole plate for
domestic steam irons provides a thin layer of
stainless steel on the outside to resist wear and
corrosion. A thick core of aluminum contributes
thermal conductivity and reduces weight, and a
thin zinc layer on the inside aids in bonding the
sole plate to the body of the iron during casting.

Clad metals have been applied in nuclear
power reactor pressure vessels in submarines as
well as in civilian power plants.

Other applications where use of clad is
increasing are in such fields as fertilizer, chem-
icals, mining, food processing, and even seago-
ing wine tankers.

Producers see a market for clad metal cur-
tain wall building panels, and even stainless
clad bus and automobile bumpers.

CLAY

Clay is composed of naturally occurring sedi-
ments that are produced by chemical actions
resulting during the weathering of rocks. Often
clay is the general term used to identify all
earths that form a paste with water and harden
when heated. The primary clays are those
located in their place of formation. Secondary
clays are those that have been moved after for-
mation to other locations by natural forces, such
as water, wind, and ice. Most clays are com-
posed chiefly of SiO, and Al,O,. Clays are used
for making pottery, tiles, brick, and pipes, but
more particularly the better grade of clays are
used for pottery and molded articles not includ-
ing the fireclays and fine porcelain clays.
Kaolins are the purest forms of clay.
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The fineness of the grain of a clay influences
not only its plasticity but also such properties as
drying performance, drying shrinkage, warping,
and tensile, transverse, and bonding strength.
For example, the greater the proportion of fine
material, the slower the drying rate, the greater
the shrinkage, and the greater the tendency to
warping and cracking during this stage. Clays
with a high fines content usually are mixed with
coarser materials to avoid these problems.

For two clays with different degrees of plas-
ticity, the more plastic one will require more
water to make it workable, and water loss dur-
ing drying will be more gradual because of its
more extensive capillary system. The high-plas-
ticity clay also will shrink more and will be
more likely to crack.

The most important clays in the pottery
industry are the ball clays and china clays
(kaolin).

CoMMERcIAL CLAy

Commercial clays, or clays utilized as raw
material in manufacturing, are among the most
important nonmetallic mineral resources. The
value of clays is related to their mineralogical
and chemical composition, particularly the clay
mineral constituents kaolinite, montmorillonite,
illite, chlorite, and attapulgite. The presence of
minor amounts of mineral or soluble salt impu-
rities in clays can restrict their use. The more
common mineral impurities are quartz, mica,
carbonates, iron oxides and sulfides, and feld-
spar. In addition, many clays contain some
organic material.

MINING AND PROCESSING

Almost all the commercial clays are mined by
open-pit methods, with overburden-to-clay
ratios ranging as high as 10 to 1. The overbur-
den is removed by motorized scrapers, bulldoz-
ers, shovels, or draglines. The clay is won with
draglines, shovels, or bucket loaders, and trans-
ported to the processing plants by truck, rail,
aerial trainways, or belt conveyors, or as slurry
in pipelines.

The clay is processed dry or, in some
cases, wet. The dry process usually consists of
crushing, drying, and pulverizing. The clay is



crushed to egg or fist size or smaller and dried
usually in rotary driers. After drying, it is pul-
verized to a specified mesh size such as 90%
retained on a 200-mesh screen with the largest
particle passing a 30-mesh screen. In other
cases, the material may have to be pulverized
to 99.9% finer than 325 mesh. The material is
shipped in bulk or in bags. All clays are pro-
duced by this method.

PROPERTIES

Most clays become plastic when mixed with
varying proportions of water. Plasticity of a
materal can be defined as the ability of the
material to undergo permanent deformation in
any direction without rupture under a stress
beyond that of elastic yielding. Clays range
from those that are very plastic, called fat clay,
to those that are barely plastic, called lean clay.
The type of clay mineral, particle size and
shape, organic matter, soluble salts, adsorbed
ions, and the amount and type of nonclay min-
erals all affect the plastic properties of a clay.

Strength

Green strength and dry strength properties are
very important because most structural clay
products are handled at least once and must be
strong enough to maintain shape. Green
strength is the strength of the clay material in
the wet, plastic state. Dry strength is the
strength of the clay after it has been dried.

Shrinkage

Both drying and firing shrinkages are important
properties of clay used for structural clay prod-
ucts. Shrinkage is the loss in volume of a clay
when it dries or when it is fired. Drying shrink-
age is dependent on the water content, the char-
acter of the clay minerals, and the particle size
of the constituents. Drying shrinkage is high in
most very plastic clays and tends to produce
cracking and warping. It is low in sandy clays
or clays of low plasticity and tends to produce
a weak, porous body.
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Color

Color is important in most structural clay prod-
ucts, particularly the maintenance of uniform
color. The color of a product is influenced by
the state of oxidation of iron, the state of divi-
sion of the Fe minerals, the firing temperature
and degree of vitrification, the proportion of
Al,O,, lime, and MgO in the clay material, and
the composition of the fire gases during the
burning operation.

Uses

All types of clay and shale are used in the
structural products industry but, in general, the
clays that are used are considered to be rela-
tively low grade. Clays that are used for conduit
tile, glazed tile, and sewer pipe are underclays
and shales that contain large proportions of
kaolinite and illite.

Clays used for brick and drain tile must be
plastic enough to be shaped. In addition, color
and vitrification range are very important. For
common brick, drain tile, and terra-cotta, shales
and surface clays are usually suitable, but for
high-quality face bricks, shales and underclays
are used.

COATINGS

Plastic, metal, or ceramic coatings can be
applied to the surface of a material in a variety
of ways to achieve desired properties.

Coatings improve appearance, corrosion
resistance, abrasion resistance, and electrical or
optical properties. They can be applied by wet
or dry techniques, with simple or complex
equipment. The choices are almost limitless
because almost any coating material offers
some degree of protection as long as it retains
its integrity. If it provides a continuous barrier
between the substrate and the environment,
even a thin, decorative coating can do the job
in a relatively dry and mild environment.

METAL COATINGS

Many new materials have been developed, but
steel remains the principal construction mate-
rial for automobiles, appliances, and industrial
machinery. Because of the vulnerability of steel




to attack by aggressive chemical environments
or even from simple atmospheric oxidation,
coatings are necessary to provide various
degrees of protection. They range from hot-
dipped and electroplated metals to tough poly-
mers and flame-sprayed ceramics.

In general, corrosive environments contain
more than one active material, and the coating
must resist penetration by a combination of oxi-
dizers, solvents, or both. Thus, the best barrier
is one that resists “broadband” corrosion.

Physical integrity of the coating is as impor-
tant as its chemical barrier properties in many
applications. For instance, coatings on impel-
lers that mix abrasive slurries can be abraded
quickly; coatings on pipe joints will cold-flow
away from a loaded area if the creep rate is not
low; and coatings on flanges and support brack-
ets can be chipped or penetrated during assem-
bly if impact strength is inadequate. Selecting
the best coating for an application requires eval-
uating all effects of the specific environment,
including thermal and mechanical conditions.

Zinc

One of the most common and inexpensive pro-
tection methods for steel is provided by zinc.
Zinc-coated, or galvanized, steel is produced by
various hot-dipping techniques, but more steel
companies have moved into electrogalvanizing
so they can provide both.

Oxidation protection of steel by zinc oper-
ates in two ways — first as a barrier coating,
then as a sacrificial coating. If the zinc coating
is scratched or penetrated, it continues to pro-
vide protection by galvanic action until the zinc
layer is depleted. This sacrificial action also
prevents corrosion around punched holes and
at cut edges.

The grades of zinc-coated steel commer-
cialized in recent years have been designed to
overcome the drawbacks of traditional galva-
nized steel, which has been difficult to weld and
to paint to a smooth finish. The newer materials
are intended specifically for stamped automo-
tive components, which are usually joined by
spot welding and which require a smooth, Class
A painted finish.
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Aluminum

Two types of aluminium-coated steel are pro-
duced, each a different kind of corrosion pro-
tection. Type I has a hot-dipped Al-Si coating
to provide resistance to both heat and corrosion.
Type 2 has a hot-dipped coating of commer-
cially pure aluminium, which provides excel-
lent durability and protection from atmospheric
corrosion. Both grades are usually used
unpainted.

Type 1 aluminium-coated steel resists heat
scaling to 677°C and has excellent heat reflec-
tivity to 482°C. Nominal aluminium-alloy coat-
ing is about 1 mil on each side. The sheet is
supplied with a soft, satiny finish. Typical appli-
cations include reflectors and housings for
industrial heater panels, interior panels and heat
exchangers for residential furnaces, microwave
ovens, automobile and truck muffler systems,
heat shields for catalytic converters, and pollu-
tion-control equipment.

Type 2 aluminized steel, with an aluminum
coating of about 1.5 mil on each side, resists
atmospheric corrosion and is claimed to outlast
zinc-coated sheet in industrial environments by
as much as five to one. Typical applications are
industrial and commercial roofing and siding,
drying ovens, silo roofs, and housings for out-
door lighting fixtures and air conditioners.

Electroplating

Use of protective electroplated metals has
changed in recent years, mainly because of rul-
ings by the Environmental Protection Agency
(EPA). Cyanide plating solutions and cadmium
and lead-bearing finishes are severely restricted
or banned entirely. Chromium and nickel plat-
ings are much in use, however, applied both by
conventional electroplating techniques and by
new, more efficient methods such as fast rate
electrodeposition (FRED), which has also been
used successfully to deposit stainless steel on
ferrous substrates.

Functional chromium, or ‘“hard chrome,”
plating is used for antigalling and low-friction
characteristics as well as for corrosion protec-
tion. These platings are usually applied without
copper or nickel underplates in thicknesses
from about 0.3 to 2 mil. Hard-chrome plating



is recommended for use in saline environments
to protect ferrous components.

Nickel platings, in thickness from 0.12 to
3 mil, are used in food-handling equipment, on
wear surfaces in packaging machinery, and for
cladding in reaction vessels.

Electroless nickel plating, in contrast to
conventional electroplating, operates chemi-
cally instead of using an electric current to
deposit metal. The electroless process deposits
a uniform coating regardless of substrate shape,
overcoming a major drawback of electroplating
— the difficulty of uniformly plating irregularly
shaped components. Conforming anodes and
complex fixturing are unnecessary in the elec-
troless process. Deposit thickness is controlled
simply by controlling immersion time. The dep-
osition process is autocatalytic, producing
thicknesses from 0.1 to 5 mil.

Proprietary electroless-plating systems
contain, in addition to nickel, elements such as
phosphorus, boron, and/or thallium. A rela-
tively new composition, called the polyalloy,
features three or four elements in the bath.
These products are claimed to provide superior
wear resistance, hardness, and other properties,
compared with those of generic electroless-
plating methods.

One polyalloy contains nickel, thallium,
and boron. Originally developed for aircraft gas
turbine engines, it offers excellent wear resis-
tance. Comparative tests show that relative wear
for a polyalloy-coated part is significantly less
than that for hard chromium and Ni-P coatings.

In general, Ni-B coatings are nodular. As
coating thickness increases, nodule size also
increases. Because the columnar structure of
the coating flexes as the substrate moves, Ni-B
resists chipping and wear.

Adhesion quality depends on factors such
as substrate material, part preparation, and con-
tamination. Although it is excellent for tool
steels, stainless steel, high-performance nickel-
and cobalt-base alloys, and titanium, a few
metal substrates are not compatible. These
include metals with high zinc or molybdenum
content, aluminum, magnesium, and tungsten
carbide (WC). Modifications can, however,
eliminate this incompatibility.

Another trend in composite electroless plat-
ing appears to be toward codeposition of
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particulate matter within a metal matrix. These
coatings are commercially available with just a
few types of particulates — diamond, SiC,
Al,O;, and polytetrafluoroethylene (PTFE) —
with diamond heading the list in popularity.

These coatings can be applied to most met-
als, including iron, carbon steel, cast iron, alu-
minum alloys, copper, brass, bronze, stainless
steel, and high-alloy steels.

Conversion Coatings

Electroless platings are more accurately
described as conversion coatings, because they
produce a protective layer or film on the metal
surface by means of a chemical reaction.
Another conversion process, the black oxide
finish, has been making progress in applications
ranging from fasteners to aerospace. Black
oxide is gaining in popularity because it pro-
vides corrosion resistance and aesthetic appeal
without changing part dimensions.

On a chemical level, black oxiding occurs
when the Fe within the surface of the steel
reacts to form magnetite (Fe;O,). Processors
use inorganic blackening solutions to produce
the reaction. Oxidizing salts are first dissolved
in water, then boiled and held at 138 to 140°C.
The product surface is cleaned in an alkaline
soak and then rinsed before immersion in the
blackening solution. After a second rinse, the
finish is sealed with rust preventatives, which
can produce finishes that vary from slightly oily
to hard and dry.

Black oxiding produces a microporous sur-
face that readily bonds with a topcoat. For
example, a supplemental oil topcoat can be
added to boost salt-spray resistance to the same
level as that of zinc plate with a clear chrome
coating (100 to 200 h).

Black oxide can be used with mild steel,
stainless steel, brass, bronze, and copper. As
long as parts are scale free and do not require
pickling, the finish will not produce H, embrit-
tlement or change part dimensions. Operating
temperatures range from cryogenic to 538°C.

Chromate conversion coatings are formed
by the chemical reaction that takes place when
certain metals are brought in contact with
acidified aqueous solutions containing basi-
cally water-soluble chromium compounds in




addition to other active radicals. Although the
majority of the coatings are formed by simple
immersion, a similar type of coating can be
formed by an electrolytic method.

Protective chromate conversion coatings
are available for zinc and zinc alloys, cadmium,
aluminum and aluminum alloys, copper and
copper alloys, silver, magnesium and magne-
sium alloys. The appearance and protective
value of the coatings depends on the base metal
and on the treatment used.

Chromate conversion coatings both protect
metals against corrosion and provide decorative
appeal. They also have the characteristics of
low electrical resistance, excellent bonding
characteristics with organic finishes, and can be
applied easily and economically. For these rea-
sons the coatings have developed rapidly, and
they are now one of the most commonly used
finishing systems. They are particularly appli-
cable where metal is subjected to storage envi-
ronments such as high humidity, salt, and
marine conditions.

The greatest majority of chromate conver-
sion coatings are supplied as proprietary mate-
rials and processes. These are available usually
as liquid concentrates or powdered compounds
that are mixed with water. In the case of the
powdered compounds, they are often adjusted
with additions of acid for normal operation.

Chromate conversion coatings are formed
immersing the metal in an aqueous acidified
chromate solution consisting substantially of
chromic acid or water-soluble salts of H,CrO;
together with various catalysts or activators.
The chromate solutions, which contain either
organic or inorganic active radicals or both,
must be acid and must be operated within a
prescribed pH range.

Maximum corrosion protection is obtained
by using drab or dark bronze coatings on zinc
and cadmium surfaces, and yellow to brown-
colored coatings on the other metals. Lighter
iridescent yellow type coatings generally pro-
vide medium protection, and the clear-bright
type coatings, produced either in one dip or by
leaching, provide the least protection.

Chromate conversion coatings provide
maximum corrosion protection in salt spray or
marine types of environment, and in high
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humidity such as encountered in storage, par-
ticularly where stale air with entrapped water
may be present. They also provide excellent
protection against tarnishing, staining, and fin-
ger marking, or other conditions that normally
produce surface oxidation.

Olive drab type coatings are widely used
on military equipment because of their high
degree of corrosion protection coupled with a
nonreflective surface. Iridescent yellow coat-
ings are widely used for corrosion protection
where appearance is not a deciding factor. The
clear-bright chemically polishing type coatings
for zinc and cadmium have been widely used
to simulate nickel and chromium electroplate
and are primarily used for decorative appeal
rather than corrosion protection. Where addi-
tional corrosion protection or abrasion resis-
tance is desired, these clear coatings act as an
excellent base for a subsequent clear organic
finish.

Heavy olive drab and yellow coatings for
zinc, cadmium, and aluminum can be dyed
various colors. Generally speaking, the dyed
colors are used for identification purposes only
since they are not lightfast and will fade upon
exposure to direct sunlight or other sources of
ultraviolet.

Because of their low electrical resistance,
chromate conversion coatings are widely used
for electronics equipment. Surface resistance
depends on the type and thickness of the film
deposited, the pressure exerted at the contact,
and the nature of the contact. Low-resistance
coatings are particularly important on alumi-
num, silver, magnesium, and copper surfaces.

Chromate conversion coatings can also be
soldered and welded. A chromate coating on
aluminum, for example, facilitates heliarc
welding. Because of the slight increase in elec-
trical resistance, an adjustment in current
(depending upon the thickness of the coating)
must be made to satisfactorily spot-weld. Sol-
dering, using rosin fluxes, can be performed on
cadmium-plated surfaces that have been treated
with clear bright chromate conversion coatings.
Clear, bright coatings on zinc-plate surfaces and
colored coatings on both zinc and cadmium
necessitate the use of an acid flux or removal
of the film by an increase in soldering iron



temperature, which burns through the coating,
or by mechanical abrasion, which removes the
film and provides a clean metal surface for the
soldered joint.

Most chromate conversion treatments are
applied by simple immersion in an acidified
chromate solution. Because no electrical con-
tacts need be made during immersion, the coat-
ings can be applied by rack, bulk, or strip line
operation. Under special situations, swabbing
or brush coating can be used where small areas
must be coated, as in a touch-up operation.

Chromate conversion coatings can also be
applied by an electrolytic method in which the
electrolyte is composed essentially of water-
soluble chromium compounds and other radi-
cals operated at neutral or slightly alkaline pH.
This type of application is limited primarily to
rack-type operation.

In general, processing can be placed in two
categories: (1) over freshly electroplated sur-
faces; and (2) over electroplated surfaces that
have been aged or oxidized, or other metal sur-
faces such as zinc die castings, wrought metals,
or hot-dipped surfaces.

Sputtering

Formerly used primarily to produce integrated-
circuit components, sputtering has moved on to
large, production-line jobs such as “plating” of
automotive trim parts. The process deposits
thin, adherent films, usually of metal, in a
plasma environment on virtually any substrate.

Sputtering offers several advantages to
automotive manufacturers for an economical
replacement for conventional chrome plating.
Sputtering lines are less expensive to set up and
operate than plating systems. And because sput-
tered coatings are uniform as well as thin, less
coating material is required to produce an
acceptable finish. Also, pollution controls are
unnecessary because the process does not pro-
duce any effluents. Finally, sputtering requires
less energy than conventional plating systems.

Chrome coating of plastics and metals is
only one application for sputtering. The tech-
nique is not limited to depositing metal films.
PTFE has successfully been sputtered on
metal, glass, paper, and wood surfaces. In
another application, cattle bone was sputtered
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on metallic prosthetic devices for use as hip-
bone replacements. The sputtered bone film
promotes bone growth and attachment to liv-
ing bone.

Sputtering is the only deposition method
that does not depend on melting points and
vapor pressures of refractory compounds such
as carbides, nitrides, silicides, and borides. As
a result, films of these materials can be sput-
tered directly onto surfaces without altering
substrate properties.

Much sputtering has been aimed at produc-
ing solid-film lubricants and hard, wear-resis-
tant refractory compounds. NASA is interested
in these tribological applications because coat-
ings can be sputter-deposited without a binder,
with strong adherence, and with controlled
thickness on curved and complex-shaped sur-
faces such as gears and bearing retainers, races,
and balls. Also, because sputtering is not lim-
ited by thermodynamic criteria (unlike most
conventional processes that involve heat input),
film properties can be tailored in ways not avail-
able with other deposition methods.

Most research on sputtered solid-lubricant
films has been done with MoS,. Other films that
have been sputtered are WC, TiN, PbO,, gold,
silver, tin, lead, indium, cadmium, PTFE, and
polyimide (PI). Of these coatings, the gold-col-
ored TiN coatings are most prominent.

TiN coatings are changing both the appear-
ance and performance of high-speed steel
metal-cutting tools. Life of TiN-coated tools,
according to producers’ claims, increases by as
much as tenfold, metal-removal rates can be
doubled, and more regrinds are possible before
a tool is discarded or rebuilt.

Sputter Coating Process

The SCX™ sputter coating process, a propri-
etary, computer-aided process developed by
Engelhard-CLAL, Carteret, NJ, a producer of
high-purity materials, enables the coating of
base or refractory metals with precious metals.
The source of the coating material can be
almost any metallic composition. A major ben-
efit of sputtering is the ability to deposit alloys
or compounds that cannot be mechanically
worked or alloyed as is required in the cladding
process. By fabricating a segmented target com-
prising of two or more individual elements, a




deposition can be made that is a uniformly dis-
persed “alloy” of the constituents.

SCX sputtering is conducted at low temper-
atures (<300°C), permitting deposition on plas-
tics and other temperature-sensitive materials
in addition to metals. Conducted at reduced
pressures of inert gases, entrapped gases are
kept to a minimum. Finally, by replacing the
inert gas with a reactive gas such as H,, N,, or
0,, a compound formed by the gas can be
deposited. This permits the reaction of very
interesting coatings, such as nitrides, hydrides,
and oxides. The unique sputter coating process
makes it possible to attain very thin as well as
relatively thick coatings equally as well in the
range of !/, to over 6 pm.

Typical substrate dimensions are wire: 0.08
to 1 mm diameter, continuous lengths up to
3000 m at 0.08 mm diameter, and 300 m at 0.89
mm diameter; ribbon: 0.017 to 0.50 mm thick
and widths from 0.25 to 3.2 mm, continuous
lengths from 120 to 500 m; rods: 3.2 mm diam-
eter by 508 mm long; metallic foil: 0.05 mm
thick and up, to 102 x 508 mm window dimen-
sion; polymeric: 0.25 mm thick and up, to 102
x 508 mm window; rigid metallic and nonme-
tallic: up to 127 mm thick and up to 102 x 508
mm window dimension. Flexible and discrete
parts can be coated selectively on one or both
sides.

Application to Power Tube Grids

Power tube grids control the flow of tube cur-
rent by providing a bias between the cathode
and anode. Semiconductor devices have
replaced the bulk of electron tube usage, espe-
cially in receiving applications. However, in
extremely high power applications, the Triode
style thermal emissions tube still finds global
use. The electron tube is expected to provide
long-lasting, high-quality performance
throughout the typical frequency range of
20 kHz to over 20 GHz, with grid temperatures
from 600 to 1300°C, depending on the applica-
tion. Secondary electron emission is of major
concern to tube designers. Without controls or
limits, a tube could easily become unstable and
quickly self-destruct.

Platinum-coated molybdenum and tung-
sten are traditional materials for grid construc-
tion. Traditional platinum-clad molybdenum
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grid wire is produced with very thick precious
metal coatings because it is difficult to produce
claddings without base material breakthrough,
and the molybdenum tends to diffuse through
the platinum, embrittling the grid as well as
causing an increase in emission. The SCX-PC
sputter coating process accomplishes the same
function as cladding, but with a precious metal
savings of 15 to 30%. This is achieved by intro-
ducing a diffusion barrier into the coating dur-
ing the manufacturing process, which effec-
tively prohibits the interdiffusion of the core
and the coating.

Other unique coatings include SCXPZC,
which includes zirconium in the deposition pro-
cess to permit higher-temperature grid usage
with closer cathode spacing, and SCX-TH,
which produces titanium-hydride (TiH,) coat-
ings to control primary and secondary emis-
sions and enables the grid to act as a getter for
nascent gas molecules.

lon Plating

The basic difference between sputtering and ion
plating is that sputtered material is generated
by impact evaporation and transferred by a
momentum transfer process. In ion plating, the
evaporant is generated by thermal evaporation.
ITon plating combines the high throwing power
of electroplating, the high deposition rates of
thermal evaporation, and the high energy
impingement of ions and energetic atoms of
sputtering and ion-implantation processes.
The excellent film adherence of ion-plated
films is attributed to the formation of a graded
interface between the film and substrate, even
where the two materials are incompatible. The
graded interface also strengthens the surface
and subsurface zones and increases fatigue life.
The high throwing power and excellent
adherence makes possible the plating of com-
plex three-dimensional configurations such as
internal and external tubing, gear teeth, ball
bearings, and fasteners. Gears for space appli-
cations, for example, have been ion plated with
0.12 to 0.2 um of gold for lubrication and to
prevent cold welding of the gear pitch line. Ion
plating has also been used, on a production
basis, to plate aluminum on aircraft landing-
gear components for corrosion protection.



Ion plating is also one of the two methods
used to deposit diamond-like coatings (DLCs).
A relative newcomer to the coatings field, DLCs
are commonly made from hydrocarbon (often
methane) and H, gases heated to 2000°C. The
carbon coatings are prized for their wear resis-
tance, as well as electrical and optical proper-
ties. Although they represent a huge potential,
present DLCs are at the earliest stages of com-
mercialization. However, their wide range of
properties, along with their relatively low cost,
leads many to predict huge growth in DLCs.

Researchers have proposed that the coat-
ings be used to improve wear resistance in tool
bits, as electronic heat sinks, and to boost wear
and corrosion resistance in optical materials.

Chemical vapor deposition (CVD) is the
method most often used to deposit DLCs.
Adjusting deposition conditions allows the pro-
cessor to change the coating from graphite to
diamond-like. One process used at Battelle
deposits the DLC in a gas atmosphere at
reduced pressure without a fixed target. This
plasma-assisted CVD allows large workpieces
to be coated on all sides without turning. How-
ever, substrates must be heated to roughly
800°C when using CVD.

Reduced substrate temperatures are offered
by dual ion-beam-enhanced deposition. Sub-
strate temperature reaches only 66°C, and the
dual ion-beam process does not rely on epitax-
ial growth for its formation as CVD does. Epi-
taxial growth requires a crystalline substrate;
because dual ion-beam processing is free of this
need, it enables amorphous materials to be
coated as well.

Materials that are compatible with the
Diond process include ferrous and nonferrous
metals, glasses, ceramics, plastics, and compos-
ites. In addition to the Diond coating, dual
ion-beam enhanced deposition can apply metal-
lic coatings to fiber-reinforced carbon—carbon
materials.

The basic ion-implantation process sends
beams of elemental atoms (produced in a par-
ticle accelerator) into the surface of the target
component. With dual ion-beam enhanced dep-
osition, two simultaneous beams are used. One
beam continuously sputters carbon onto the
surface, providing the carbon material neces-
sary to grow a diamond film. A second beam,
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consisting of inert gas at higher energy, drives
some of the diamond layer into the interface
zone. Then, the energy of the second beam is
reduced to allow diamond growth. Implanting
diamond material within the interface zone
optimizes adhesion.

Technologies developed for electronic and
optical thin films are often transferred into the
engineering coatings sector, leading to a wider
use of ion- and plasma-based techniques.

A novel nonequilibrium plasma treatment
method with unusual characteristics is now