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LEARNING OBJECTIVES
When you have completed this chapter you will be able to

Characterize basic manufacturing processes

»

» Differentiate primary, secondary, and tertiary processes
» Select appropriate manufacturing processes

» Estimate the costs of manufacturing a product

» Describe and use manufacturing terms and concepts

6.1 INTRODUCTION

Regardless of the type of material, even the simplest product involves many
manufacturing processes. Let’s examine that Trek mountain bicycle shown in
Figure 6.1.

The Trek model 4300 includes a frame, rear-wheel assembly, front-wheel
assembly, steering fork with suspension, handlebar, hand controls, seat post
with saddle, pedal crank subassembly, and Derailleur system.

The product is shipped as a few subassemblies. Before the product is dis-

played, the retailer attaches the front wheel, handlebar, seat post, and saddle.
operation of the 24-speed shifter, and

The retailer also checks for proper :
adjusts the spoke tension of each wheel. We note that assembling components
is an important manufacturing process whether the components are assembled
by the retailer or at the factory.

A number of manufacturing processes are used to make the frame subas-
sembly. To start with, standard lengths of aluminum tubing are cut to approx-
imate lengths for the top tube, down tube, seat tube, and rear stays. The rear

ds of each tube are shaped

stays are then formed in a bending process. The en -
and cleaned. The tubes and stays are then welde.d togethlcr us;ng 1‘;;1;, G;s
Tungste ' ocess. The welded frame 15 then cleaned and finally
LIgSten WPk b pleted in between. Note that the type

painted. Quality inspections are also com
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as in

anufacturing processes
2P $5es can be categorized as bulk deformation, cast-

g, and

ary manufacturi :
ring processes are used principally to alter the materi-

e or form.) We us i “to
e casting, for example, to transform rectangular

used to

pellets Nm Mﬂﬁwﬂmﬂwn polyethylene into telephone handsets. Rolling
eel. And, sheet metalworking is used to bend steel

manufacturi 3
uring processes are used to add or remove geometric

from t n T i
from the basic .o_m.m.wJH_._n brake drum casting, for example, undergoes

Manufacturing
Processes

Deformation Casting 7”“”.,..,_ m..wM“ManMM¢
L Extrusion Centrifugal Bending Blow molding
— Forging Die casting Blanking Casting
— Rolling Investment Drawing Compression molding
Bar drawing Permanent mold — Punching Extrusion
_II. Wire drawing'— Sand casting Shearing Tnjection molding,
Spinning Thermoforming

Transfer molding

FIGURE 6.2 Types of manufacturing processes.
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FIGURE 6.3
Extrusion of metals.

. _.a&.nwﬂ. bars, or rods. Rolling
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Ram pressure

FIGURE 6.4 Closed-dic forging.

e forging the workpiece is hammered
the side flow of material. Often
dies. Forging is typically done when
Moderately complex sha
hly 36 inches.
pieces.

between two die halves that do
bulk material is preformed in
the metal is hot, requiring less
Pes can be forged with a maximum size limited
Economic production quantities range from 1.000 to

g Two or more cylindrical rollers plastically compress material, forming

sh : is used to produce billets, blooms, and slabs from
ingots. The billets are subsequently rolled into rectangular or circular bars.

Slabs are rolled into plates and sheet metal. Blooms are rolled into structural

shapes including I-beams, channel beams, angle, and wide-flange beams. The

processing of ingots into the various shapes is shown in Figure 6.5. Hot rolling
requires less work than cold rolling to deform materials but produces an
oxidized surface finish. Cold rolling requires more work but increases the
material’s yield strength and produces a superior surface finish.

Bar Drawing As shown in Figure 6.6, in bar drawing, bar stock is pulled
through a die of reduced cross section. Cold drawing increases the material’s
strength and improves the surface finish. Straight lengths of circular or rectan-
gular bar stock are produced. Sizes range from 1/8 to 6 inches in cross section.

Wire Drawing In wire drawing, bar stock is pulled through a set of successively
narrowing dies, forming a long strand of wire that is usually wound on a spool
as a continuous process. Cross section sizes range from 0.001 to about 3/8 inch-
es. Drawing is used with ductile metals such as aluminum, steel, and copper.

117



FIGURE 6.6
Drawing of bar stock.

s slabs, and by -
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is one of the oldest

i 5l processes, dati

molten metal is : % daling back tho cars, 1

.nwonﬂnc.mm : moc_.n_u INo a cast to solidif ..,:mm.z.._m sl et

: $ within broad tolerance g can SR

pically machined in secondary ro . | 0" dimensional accuracy castings
B s e cona ary operations. Three of the most commaonly

OCES asting, die casting, and investment cast

In sand casti

ﬂ_-%_@ is moaawwﬁ.swwwﬂﬁ.nanﬁﬁﬁ solidifies in a sand mold. The
n:ﬁ_ shape as the part ﬁom_gwwwﬁ» sand around a pattern with the

later reused. As shown in Fi st. The pattern is removed before
the runner, through th igure 6.7, molten metal flows down the
cavity .mQ.EEW. The riser Wwvon_sw to the ,ﬁs:. ,.nm___”_na_ a gate and into
to the part as the small reservoir of liquid metal that feeds
the mold to Qom..wm_z cools and shrinks. Preformed cores can be
used for parts with m.o_n_m. such as cylindrical holes. Open-mold
osed-mold cast a tlat surface on one side (e.g., manhole covers,
0 the metal h Ng uses a cope half and a drag half, enclosed in a

: al has solidified and cooled the mold is destroyed in order
En part. The parting line is where the two mold halves meet. Sizes
fings can range from inches to feet. Some industrial engine blocks
n cast as ,_m—.mm as 12 feet in cross section and 30 feet long. Economical
ion quantities can be very small, for example between 1 and 10. All
ous and ferrous metals are used. Moderately complex shapes are
le. Sand cores can be used to produce internal and external undercuts.
made by sand casting have a granular surface finish.

Drag
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\\\\\

Vo 7

FIGURE 6.7 Closed-mold sand casting,

Die Casting In die casting, molten material is injected under pressure into
¢s) usually made of steel. Because the steel

permanent die set (i.e., mold halv
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FIGURE 6.9
Investment casting.
poured into the ceramic mold that is destroyed after the part solidifies.
> com plexity and production volume are similar to die casting. Casting ma-
- 5 include alloys .om mEEE:E_ zinc, magnesium, brass, steel, and stainless
e —— Investment casting is typically used for runs of less than 10,000 pieces.
Ejector pins )
— 5 ﬁ. 3 Polymer Processing
i ————

Hﬁ..—-o—mﬂm_. processing, part shapes are created by solidification of thermoplas-
tic polymers or curing of thermosetting polymers. Parts made of thermoplastic
and thermosetting materials can be made in many shapes and sizes, with little
waste of raw material, requiring few, if any, finishing operations. Some of the
more common processes include: blow molding, injection molding, compres-
sion molding, transfer molding, thermoforming, and casting.

Blow Molding In blow molding, as shown in Figure 6.10, a molten parison of

thermoplastic material is extruded then injected with air, then expands t0 the
shape of the mold. Blow molding is frequently used to produce hollow parts
with thin walls. Captured cavities shapes are possible, such as a bottle. Sizes

are limited to about three feet in diameter.
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Ram pressure

2 Transfer molding.

plding In injecti :
d Eﬁmﬂ. Ew_ﬂ._www_m_“: molding, thermoplastic pellets are melted and
Bt are ._wc.:m Into a metal mold. As shown in Figure 6.13,
Moﬁmﬁm begin to WGGOM into the hopper. As the pellets auger into the
s pellets, The gainst each other, causing enough heat o ulti-
- runner wE.m - auger then rams the molten plastic into the mold via
f the _,A. Th gate network. The cavity half of the mold forms the
he part. The core .rm: of the mold forms the inside. As the part cools
onto the core, requiring ejector pins to remove the part. i

Cavity half  Core half
of mold of mold

Ejector pins

ity g ! \

Sprue
Mold closure direction

Shear-heating

Parting plane/surface

FIGURE 6.13 Injection molding of thermoplastic materials.
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Parting
line

a) Mo undercuts

Mold closure

direction
/ cavity
|‘._. Plastic
J injection
JParting
line
h b) External undercuts
Mold closure
direction

cavity

L Plastic

” mnjection

Parting
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Mold closure
direction

cavily
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H injection

FIGURE 6.14 The boss features create external undercuts that restrict the removal of 1
from the cavity half of the mold in (b), and an internal undercut th

from the core half of the mold, as in (c).

¢) Internal underc

he part

at restricts removal of the part
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is refining the diameter of an existing hole.

rning is removal of material from a rotating workpiece.

ing is material removal from a turning workpiece using a radially fed tool.
is removal of material from a surface using an abrasive spinning wheel.
: discharge machining is removal of material by means of a spark.

Finishing
g is preparing the final surface for aesthetics and protection from the
ment. Machining processes produce different surface roughmess, as
Table 6.1. Fine grinding is sometimes used to reduce the surface

of parts to between 8 and 16 micro-inches (Dieter, 2002). However,
or smoothness, surfaces are often polished between | and 32 micro-
ishing uses abrasive powders embedded in rotating leather or felt
g is used for interior cylindrical surfaces. Lapping is used for flat

ng can produce roughness approximating 0.5-16 micro-inches.
ire brushing is used to remove grit and scale, and chemical solu-
uding acid baths, are used to remove oily films.
Polymers and ceramics require little protection from the envi-
Metals, however, require some surface treatment. Oil-and water-
ting is perhaps the least expensive coating. Steels are often
th chrome, cadmium, or zinc (galvanizing). Aluminum alloys are

anodized, which is a chemical surface treatment.

s the process of putting together all the product’s components
ping. Products that have subassemblies will have undergone some

rface Roughness (adapted from SME, 1992)

TABLE 6.1 Su
Process Roughness (p inch)
Machining
i Turning 32250
o Boring 16250
Milling 32250
it Drilling 63-250
. Reaming 16-125
Broaching 16-125
Finishing
Precision grinding 2-16
Lapping / honing 2-16
Super finishing 1-8
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B BET PRI Gy = Mg = e (w, v wy ) =y w, + aw,) 62)

Cu=c,w, (I+ a) (6:3)

e total tooling :

make the part it T’ is composed of the total material and labor

sets, or jigs an nﬂ. nn:._w. or die-casting molds, or sheet metal punch-
ey s ocmm_x Mnnm used in machining. Once the tooling is made,
g, the _ﬂo—.a s fixed. Consequently, the more parts made with the

; economical it becomes. The tooling cost per part is

Tooling cost per part, ¢, = T/qg (64)

waww— processing cost, P, includes the cost of: labor, energy, floor
.%E.o usage. m_.o.” example, a machine shop might estimate their
Em? < n.o run a milling machine at $150/hr. to pay for the machine
ectricity usage, floor space (building depreciation or rent), and
reciation (or rent). Then, if the cycle time to make a part is ¢
t)., the processing cost per part, ¢, is:

Processing cost per part, cp = c,t (6.5)
_per part is therefore:
Cost per part, c=c,w, (I+ &) + T/q + ¢, (6.6)

equation (6.6), we see that to reduce part costs we should:

" = make many parts per production run (i.e., batch)
= design simple parts and tools that result in less expensive tooling
= choose a manufacturing process that has a low cycle time

Unfortunately, the material selection and the choice of manufacturing
process are coupled. Choosing a material for its low material cost, for
example, may result in larger processing costs. Some inexpensive plastics, for
example, require longer freezing/solidification cycle, increasing processing
cycle time and costs, actually raising the total cost per part. Therefore, we
need to make our decisions based on the total costs, as we shall see 10 the

following example.
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Manufacturing Cost versus Production Quantity

injdctior| moltling

1000 2000 3000 4000 5000 6000
Production quantity
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v

18 Manufacturing cost/part asa function of production volume.

‘Example

mine the production quantity for which the manufacturing costs for alternative A

and B are the same.

¢ 5 and use equation (6.6) such that

c=cawp (I+ a) + T/lq + et
art = $0.758 | part + $35.000/q + $3 | part

8 [ part + $35.000/q

We can let ¢4 =

$01.050 / part + $10,000/q + $9/p
$ 10.050 / part + $10,000/q = $3.75




Sy

| Titanium and alloys

Nickel & alloys

Refractory metals

¥ Thermoplastics
Thermosers

I}

/

[

[

I
L]

/
I

Doid i

[E3]

ki

-

Chapter 6 Selecting Manufacturing Processes

mﬁmp .ﬁu&eowwﬂw are not capable of

*
=3

. producing large Ar - .
uce the di x BE part sizes, Other processes
e o”.w:.on— geometric complexity, such as: the t :M e
. including: holes, notches, bog LA ype a
d uniformity of walls S, bosses. rotational symmetry, enclosed
ufacturing proce and/or cross sections as shown in Table 6.4.

$s and materials selection decisions occur in every

5 A,
%ﬂ ﬁhﬂ“ﬂmﬂm .“Pw.n..oqg and more information becomes available, re-
i S0 be made, ultimately affecting prior decisions.
Bounnmm:%_ Monm._m?. for example, little is known about the part sizes of
e .._._qm ﬂ-w: 1S iterative. UE‘.EW the configuration design phase.
: b Lok combined to improve functio nality, but demand a
manufacturing process or material, not previously considered.
iy the manufacturing-p rocesses-first approach, we first screen
cturing processes that will not satisfy part considerations, such as:

.4 Shape Generation Capabilities of Processes. Y-yes, N-no, M-must, Y-casier, a-
b-shallow EESOFM?B.#EHQ special equipment, d-only continuous, open ended.
Boothroyd, G... P. Dewhurst, and W. Knight. 2002. Product Design for Mani-
Assemnbly, with permission from Taylor & Francis).

on Sand casting
Investment casting
Die casting
Injection molding
Structural foam
Blow molding - extr
Blow molding - inj
Rotational molding
Impact extrusion
ation Cold heading
Closed die forging
Powder metal
Hot extrusion
Rotary swaging
Metal Machined from stock
Removal ECM
EDM

Profiling Wire EDM Y N

Sheet Sheet metal bending Y Y
Forming Thermoforming
Metal spinning

135




a.m out manufacty,; n
desired production, ..m
ty.

one dimension

ﬂﬁu w.:a.ua would be

. Pros

000 unit iy

) Production run jg
€nt casting, die Casting

patible manufactyriy,
duction rup QSE_:_U
€ will revisit Table ¢4

capable in generatiy,

2els and aluminum a).
‘and sheet metalwork-

Chapter 6 Selecting Manufacturing Processes e
65 h.ﬁ_:g.’—ﬂ*
5 Most parts undergo primary, secondary, and tertiary manufacturing

processes

pundamental manufacturing processes include: bulk deformation, casting,

metal ,.aa_._a.bw, polymer processes, machining, finishing, and assembly.

acturing costs include material, tooling, and processing costs.

Mer wm cost per part is directly related to manufactured waste.

cturing costs are influenced by planned production quantities.

: processes are more compatible with certain materials.

¢ processes are more capable at generating certain geometric features.

; process selection considerations include: part size, geometric
_ complexity, and production quantities.

'P. Dewhurst, and W. Knight. 2002. Product Design for Manufacture and

ply. New York: Marcel Dekker.

J.T. Black, and R.Kohser.1997. Materials and Processes in Manufactur-

Upper Saddle River, NJ: Prentice Hall.

rm:ﬂmwﬂn.ﬁmdﬁé. 1992. Tool and Manufacturing Engineers Handbook,
earborn, MI: Society of Manufacturing Engineers.

Engineering Design, 3d ed. New York: McGraw-Hill.

C. Poli. 1995. Engineering Design and Design for Manufacturing.
Field Stone Publishers.

P. 199. Fundamentals of Modern Manufacturing. Upper Saddle River,

Introduction to Manufacturing Processes, 3d ed. New York: MeGraw-Hill

Compression molding Embossing
Core (mold) External undercut
Cycle time Extrusion
Die Facing,
Die casting Finishing
Drawing (metal) Forging
Drilling Grinding ;
Ejector pins Injection molding
Electric discharge Internal ;vaa_.,o.ﬁ
machining Investment casuing
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1 14.1 INTRODUCTION
cture of a product is often accomplished as a project

The design and manufa
performed by a concurrent engineering te
pate in the development of a project plan, including a problem statement, mis-
sion statement, scope of work, schedule, budget, and responsibilities table,
they begin to work as a team. Successful projects can often be traced back to
effective teamwork. Similarly, effective teamwork can be traced back to tho-
rough project planning.
We can draw an analogy between project planning and a f
ing practice sessions, learning new plays on the board during the “chalkl-ta}k:‘
and then taking the field to drill individual assignments and hone timing.

When athletes know what they are supposed t0 do, and how to do it, they have

a good chance at being successful. Similarly, project teams can establish effec-
tive teamwor jon, decision making, collaboration, and

am. As the group members partici-

ootball team dur-

k through communicat

self-management. ‘ -
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and how

they 1€
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