
figure one of them—welding—is expanded to show its members. As before,
each member has attributes. The first is the materials it can join. After that
the attribute list differs from that for shaping. Here the geometry of the
joint and the way it will be loaded are important, as are requirements that
the joint can or cannot be disassembled, that it be watertight, that it be elec-
trically conducting, and the like.

The lower part of the figure expands the family of finishing. Some of the
classes it contains are shown; one—coating—is expanded to show some of
its members. As with shaping and joining, the material to be coated is an
important attribute but the others differ. Most important is the purpose of
the treatment (protection, surface hardening, decoration, etc.), followed by
properties of the coating itself.

Expanding the joining family
Expanding the fasteners family at about the same level of detail as that used for molding in the
figure, gives the result:

1. Rivets and staples
2. Joining—fasteners
3. Threaded fasteners
4. Sewing
5. Snap fits

With this background we can embark on a lightning tour of processes. It
will be kept as concise as possible; details can be found in the numerous
books listed in “Further reading” (Section 13.9).

13.3 THE PROCESSES: SHAPING, JOINING,
FINISHING

Shaping processes
In casting (Figure 13.5), a liquid is poured or forced into a mold where it
solidifies by cooling. Casting is distinguished from molding, which comes
next, by the low viscosity of the liquid: It fills the mold by flow under its
own weight (as in gravity sand and investment casting) or under a modest
pressure (as in die casting and pressure sand casting). Sand molds for one-
off castings are cheap; metal dies for die casting large batches can be expen-
sive. Between these extremes lie a number of other casting methods: shell,
investment, plaster mold, and so forth.
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Cast shapes must be designed for easy flow of liquid to all parts of the
mold, and for progressive solidification that does not trap pockets of liquid
in a solid shell, giving shrinkage cavities. Whenever possible, section thick-
nesses are made uniform (the thickness of adjoining sections should not
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FIGURE 13.5
Casting processes. In sand casting, liquid metal is poured into a split sand mold. In die casting, liquid is forced under pressure into a
metal mold. In investment casting, a wax pattern is embedded in a refractory, melted out, and the cavity filled with metal. In pressure
casting, a die is filled from below, giving control of atmosphere and of the flow of metal into the die.
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differ by more than a factor of 2). The shape is designed so that the pattern
and the finished casting can be removed from the mold. Keyed-in shapes
are avoided because they lead to “hot tearing” (a tensile creep fracture) as
the solid cools and shrinks. The tolerance and surface finish of a casting
vary from poor for sand casting to excellent for precision die castings; they
are quantified in Section 13.6.

When metal is poured into a mold, the flow is turbulent, trapping surface
oxide and debris within the casting, giving casting defects. These are avoided
by filling the mold from below in such a way that flow is laminar, driven
by a vacuum or gas pressure, as shown in Figure 13.5.

Molding Figure 13.6 shows casting, adapted to materials that are very viscous
when molten, particularly thermoplastics and glasses. The hot, viscous fluid
is pressed or injected into a die under considerable pressure, where it cools
and solidifies. The die must withstand repeated application of pressure,
temperature, and the wear involved in separating and removing the part,
and therefore it is expensive. Elaborate shapes can be molded, but at the
penalty of complexity in die shape and in the way it separates to allow
removal. The molds for thermo-forming, by contrast, are cheap. Variants of
the process use gas pressure or vacuum to press a heated polymer sheet
onto a single-part mold. Blow molding, too, uses a gas pressure to expand a
polymer or glass blank into a split outer die. It is a rapid, low-cost process
well suited for mass production of cheap parts like milk bottles. Polymers,
such as metals, can be extruded; virtually all rods, tubes, and other prismatic
sections are made in this way.

Deformation processing Figure 13.7 shows that the deformation process can
be hot, warm, or cold—cold, that is, relative to the melting point Tm of the
material being processed. Extrusion, hot forging, and hot rolling (T > 0.55 Tm)
have much in common with molding, though the material is a true solid, not
a viscous liquid. The high temperature lowers the yield strength and allows
simultaneous recrystallization, both of which lower the forming pressures.
Warm working (0.35 Tm < T < 0.55 Tm) allows recovery but not recrystalliza-
tion. Cold forging, rolling, and drawing (T < 0.35 Tm) exploit work hardening
to increase the strength of the final product, but at the penalty of higher
forming pressures.

Forged parts are designed to avoid sudden changes in thickness and sharp
radii of curvature since both require large local strains that can cause the
material to tear or to fold back on itself (“lapping”). Hot forging of metals
allows larger changes of shape but generally gives a poor surface and toler-
ance because of oxidation and warpage. Cold forging gives greater precision
and finish, but forging pressures are higher and the deformations are limited
by work hardening.
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