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PART |  FUNDAMENTALS OF MACHINE
DESIGN & MANUFACTURING

Unit 1 Metals

The use of metals has always been a key factor in the development of the social systems
of man. Of the roughly 100 basic elements of which all matter is composed, about half are
classified as metals. The distinction between a metal and a nonmetal is not always clear cut.
The most basic definition centers around the type of bonding existing between the atoms of
the element, and around the characteristics of certain of the electrons associated with these
atoms®. In a more practical way, however, a metal can be defined as an element which has a
particular package of properties.

Metals are crystalline when in the solid state and, with few exceptions (e. g. , mercu-
ry), are solid at ambient temperatures. They are good conductors of heat and electricity and
are opaque to light. They usually have a comparatively high density. Many metals are duc-
tile

that is, their shape can be changed permanently by the application of a force without
breaking. The forces required to cause this deformation and those required finally to break or
fracture a metal are comparatively high, although, the fracture forces is not nearly as high as
would be expected from simple considerations of the forces required to tear apart the atoms of
the metal®,

One of the more significant of these characteristics from our point of view is that of crys-
tallinity. A crystalline solid is one in which the constituent atoms are located in a regular
three-dimensional array as if they were located at the corners of the squares of a three-dimen-
sional chessboard®. The spacing of the atoms in the array is of the same order as the size of
the atoms, the actual spacing being a characteristic of the particular metal. The directions of
the axes of the array define the orientation of the crystal in space. The metals commonly
used in engineering practice are composed of a large number of such crystals, called grains.
In the most general case, the crystals of the various grains are randomly oriented in space.
The grains are everywhere in intimate contact with one another and joined together on an
atomic scale. The region at which they join is known as a grain boundary.

An absolutely pure metal (i. e. , one composed of only one type of atom) has never been
produced. Engineers would not be particularly interested in such a metal even if it were to be
produced, because it would be soft and weak. The metals used commercially inevitably con-
tain small amounts of one or more foreign elements, either metallic or nonmetallic. These
foreign elements may be detrimental, they may be beneficial, or they may have no influence
at all on a particular property. If disadvantageous, the foreign elements tend to be known as
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impurities. If advantageous, they tend to be known as alloying elements. Alloying elements
are commonly added deliberately even in substantial amounts in engineering materials. The
result is known as an alloy.

The distinction between the descriptors “metal” and “alloy” is not clear cut. The term
“metal” may be used to encompass both a commercially pure metal and its alloys. Perhaps it
can be said that the more deliberately an alloying addition has been made and the larger the
amount of the addition, the more likely it is that the product will specifically be called an
alloy. In any event, the chemical composition of a metal or an alloy must be known and con-
trolled within certain limits if consistent performance is to be achieved in service. Thus
chemical composition have to be taken into account when developing an understanding of the
factors which determine the properties of metals and their alloys.

Of the 50 or so metallic elements, only a few are produced and used in large quantities in
engineering practice. The most important by far is iron, on which are based the ubiquitous
steels and cast irons (basically alloys of iron and carbon). They account for about 98% by
weight of all metals produced. Next in importance for structural uses (that is, for structures
that are expected to carry loads) are aluminum, copper, nickel, and titanium. Aluminum
accounts for about 0. 8% by weight of all metals produced, and copper about 0. 7%, leaving
only 0. 5% for all other metals. As might be expected, the remainder are all used in rather
special applications. For example, nickel alloys are used principally in corrosion-and heat-re-
sistant applications, while titanium is used extensively in the aerospace industry because its
alloys have good combinations of high strength and low density. Both nickel and titanium are
used in high-cost, high-quality applications, and, indeed, it is their high cost that tends to
restrict their application.

We cannot discuss these more esoteric properties here. Suffice it to say that a whole
complex of properties in addition to structural strength is required of an alloy before it will be
accepted into, and survive in, engineering practice®. It may, for example, have to be strong
and yet have reasonable corrosion resistance; it may have to be able to be fabricated by a par-
ticular process such as deep drawing, machining, or welding; it may have to be readily recy-
clable; and its cost and availability may be of critical importance.

Selected from “Metals Engineering A Technical Guide”, Leonard E. Samuels, Carnes Publication Serv-

ices, Inc. , 1988.

New Words and Expressions

nonmetal [non'metl] n E4/F

crystalline ['kristalain] a. #5558, SERH
ambient [‘sembiont] a. ; n. JAEBEB; BEFE
ambient temperature Eik, FERE

opaque [aupeik] a. FiEHHAY

ductile ['daktail] a. FE#H, BT, AIEHEH
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7. deformation [di:fo‘meifon] n. ZFIE

8. crystallinity [kristsliniti] n. (&%) &k, S RE

9. constituent [ken'stitjuent] a. ; n. ZLERA, WEH; B4, 4
10. dimensional [daimenfonal] a. 2% (4E) BBy, --4HH
11. orientation [oirien'teifon] n. El, ENL, HEF FH M)
12. grain [grein] n. BRI, SHRL

13. grain boundary R

14. ubiquitous [jurbikwites] a. AbALFFETERY, EBIFEM
15. cast irons &£k

16. corrosion [karauzen] n. JEih

17. esoteric [esau'terik] a. BTEHRH, BRHBH

18. fabricate [faebrikeit] vz #Hl¥E M T

Notes

DBHEREN: “BEANENETELREFHFENEEERA NS XBFEFHXER
HF B ERE". X B associated with EBE “H5---FXR",

Q@ BEREN: “FIBRAATEFFHINBRRFLRFRTRTHAMYK, RELENK
WRBNNIBERFTBMNEASRRETHREHIMWAK,

Q@ SHEFNL: “GREKEXFE-FEH, ARENETEMENL M =4H5H, 0
HBUFZHMBHFTENAL”. KON EREIEEH as if SIRHMNAERNBEHEN
s

@ SHEEL: “HEAEMHNERAMMNATIBERZAN, REELXBHEWBRE,
AR/RREENSGRERRSE T, Suffice it to say that, HEK: “ (RE) H--HRET”.

Exercises

1. Answer the following questions according to the text.

@D How many basic elements are classified as metal?

@ What is a crystalline solid?

@ Which metallic elements are produced and used in large quantities in engineering prac-
tice?

@ What requirements are met before an alloy will survive in engineering practice?
2. Translate the 6™ paragraph into Chinese.
3. Put the following into Chinese.

aluminum copper nickel titanium structural strength deep drawing
4. Put the following into English.

7 X H B k&R R B F& %R

5. Put the following sentences into English.

O E&RAMELENER - BRBEEAE.
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Reading Material 1

Stainless Steels

Stainless steels do not rust in the atmosphere as most other steels do. The term “stain-

less”

implies a resistance to staining, rusting, and biting in the air, moist and polluted as it
is, and generally defines a chromium content in excess of 11% but legs than 30%. And the
fact that the stuff is “steel” means that the base is iron.

Stainless steels have room-temperature yield strengths that range from 205 MPa (30
ksi) to more than 1,725 MPa (250 ksi). Operating temperatures around 750°C (1,400°F)
are common, and in some applications temperatures as high as 1090°C (2,000°F ) are
reached. At the other extreme of temperature some stainless steels maintain their toughness
down to temperatures approaching absolute zero.

With specific restrictions in certain types, the stainless steels can be shaped and fabrica-
ted in conventional ways. They can be produced and used in the as-cast condition; shapes can
be produced by powder-metallurgy techniques; cast ingots can be rolled or forged (and this
accounts for the greatest tonnage by far). The rolled product can be drawn, bent, extruded,
or spun. Stainless steel can be further shaped by machining, and it can be joined by solde-
ring, brazing, and welding. It can be used as an integral cladding on plain carbon or low al-
loy steels.

The generic term “stainless steel” covers scores of standard compositions as well as vari-
ations bearing company trade names and special alloys made for particular applications.
Stainless steels vary in their composition from a fairly simple alloy of, essentially, iron with
11% chromium, to complex alloys that include 30% chromium, substantial quantities of
nickel, and half a dozen other effective elements. At the high-chromium, high-nickel end of
the range they merge into other groups of heat-resisting alloys, and one has to be arbitrary
about a cutoff point. If the alloy content is so high that the iron content is about half, how-
ever, the alloy falls outside the stainless family. Even with these imposed restrictions on
composition, the range is great, and naturally, the properties that affect fabrication and use
vary enormously. It is obviously not enough to specify simply a “stainless steel” .

The various specifying bodies categorize stainless steels according to chemical composi-
tion and other properties. For example, the American Iron and Steel Institute (AISI) lists
more than 40 approved wrought stainless steel compositions; the American Society for Tes-
ting and Materials (ASTM) calls for specifications that may conform to AISI compositions
but additionally require certain mechanical properties and dimensional tolerances; the Alloy
Casting Institute (ACI) specifies compositions for cast stainless steels within the categories

4



of corrosion-and heat-resisting alloys; the Society of Automotive Engineers (SAE) has
adopted AISI and ACI compositional specifications. Military specification MIL-HDBK-5 lists
design values. In addition, manufacturers’ specifications are used for special purposes or for
proprietary alloys. Federal and military specifications and manufacturers’ specifications are
laid down for special purposes and sometimes acquire a general acceptance.

However, all the stainless steels, whatever specifications they conform to, can be con-
veniently classified into six major classes that represent three distinct types of alloy constitu-
tion, or structure. These classes are ferritic, martensitic, austenitic, manganese-substituted
austenitic, duplex austenitic-ferritic, and precipitation-hardening.

Ferritic Stainless steel is so named because the crystal structure of the steel is the same
as that of iron at room temperature. The alloys in the class are magnetic at room temperature
and up to their Curie temperature [ about 750°C ( 1,400°F)] . Common alloys in the ferritic
class contain between 11% and 29% chromium, no nickel, and very little carbon in the
wrought condition. The 11% ferritic chromium steels, which provide fair corrosion resist-
ance and good fabrication at low cost, have gained wide acceptance in automotive exhaust
systems, containers, and other functional applications. The intermediate chromium alloys,
with 16 % ~ 17% chromium, are used primarily as automotive trim and cooking utensils,
always in light gages, their use somewhat restricted by welding problems. The high-chromi-
um steels, with 18% to 29% chromium content, have been used increasingly in applications
requiring a high resistance to oxidation and, especially, to corrosion. These alloys contain
either aluminum or molybdenum and have a very low carbon content.

The high-temperature form of iron (between 910°C and 1, 400°C, or 1, 670°F and
2,550°F) is known as austenite (Strictly speaking the term austenite also implies carbon in
solid solution). The structure is nonmagnetic and can be retained at room temperature by ap-
propriate alloying. The most common austenite retainer is nickel. Hence, the traditional and
familiar austenitic stainless steels have a composition that contains sufficient chromium to of-
fer corrosion resistance, together with nickel to ensure austenite at room temperature and be-
low. The basic austenitic composition is the familiar 18% chromium, 8% nickel alloy. Both
chromium and nickel contents can be increased to improve corrosion resistance, and additional ele-
ments (most commonly molybdenum) can be added to further enhance corrosion resistance.

The justification for selecting stainless steel is corrosion and oxidation resistance. Stain-
less steels possess, however, other outstanding properties that in combination with corrosion
resistance contribute to their selection. These are the ability to develop very high strength
through heat treatment or cold working; weldability; formability; and in the case of auste-
nitic steels, low magnetic permeability and outstanding cryogenic mechanical properties.

The choice of a material is not simply based on a single requirement, however, even
though a specific condition (for example, corrosion service) may narrow the range of possi-
bilities. For instance, in the choice of stainless steel for railroad cars, while corrosion resist-
ance is one determining factor, strength is particularly significant. The higher price of stain-
less steel compared with plain carbon steel is moderated by the fact that the stainless has
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about twice the allowable design strength. This not only cuts the amount of steel purchased,
but by reducing the dead weight of the vehicle, raises the load that can be hauled. The same
sort of reasoning is even more critical in aircraft and space vehicles.

But weight saving alone may be accomplished by other materials, for examples, the
high-strength low-alloy steels in rolling stock and titanium alloys in aircraft. Thus, the
selection of a material involves a careful appraisal of all service requirements as well as a con-
sideration of the ways in which the required parts can be made. It would be foolish to select
material on the basis of its predicted performance if the required shape could be produced on-
ly with such difficulty that cost skyrocketed.

The applicability of stainless steels may be limited by some specific factor, for example,
an embrittlement problem or susceptibility to a particular corrosive environment. In general
terms, the obvious limitations are:

@ In chloride environments susceptibility to pitting or stress-corrosion cracking requires
careful appraisal. One cannot blindly assume that a stainless steel of some sort will do. In
fact, it is possible that no stainless will serve.

(® The temperature of satisfactory operation depends on the load to be supported, the
time of its application, and the atmosphere. However, to offer a round number for the sake
of marking a limit, we suggest a maximum temperature of 870°C (1600°F). Common stain-
less steels can be used for short times above this temperature, or for extended periods if the
load is only a few thousand pounds per square inch. But if the loads or the operating periods
are great, then more exotic alloys are called for.

Selected from “Stainless Steel”, R. A. Lula, American Society for Metals, 1986.

New Words and Expressions

as-cast [eezkaist] a. BHEM

powder-metallurgy ['paudemetelodsi] n. MyFKIGEF

cast ingot [kaist inget] n. FFEE

roll [raul] v. %Ll

tonnage ['tanid3z] = (&) BEH7

extrude [ekstrud] v. HHE

spin [spin] v. BEE

solder [‘'so:lda] vt. 448

9. braze [breiz] vt. &2

10. cladding [kledin] »n. B2, BWH, (&R BE

11. wrought [roit] a. WIHREY

12. American Iron and Steel Institute (AISI) EEHEExS

13. American Society for Testing and Materials (ASTM) EEMH KRB Y&
14. Alloy Casting Institute (ACI) B/ &#HHEES

15. Society of Automotive Engineers (SAE) FEEKEIREINES



16.
17.
18.
19.
20.

ferritic [foritik] a. LXKMW

martensitic [ma‘tenzaitik] a. KM
austenitic [oistonitik] a. BKERH
oxidation [ oksideifan] n. &4k

cryogenic ['kraiadzenik] a. {KIBAY, HH B



Unit 2 Selection of Construction Materials

There is not a great difference between “this” steel and “that” steel; all are very similar
in mechanical properties. Selection must be made on factors such as hardenability, price, and
availability, and not with the idea that “this” steel can do something no other can do because
it contains 2 percent instead of 1 percent of a certain alloying element, or because it has a
mysterious name. A tremendous range of properties is available in any steel after heat treat-
ment; this is particularly true of alloy steels.

Considerations in Fabrication

The properties of the final part (hardness, strength, and machinability), rather than
properties required by forging, govern the selection of material. The properties required for
forging have very little relation to the final properties of the material; therefore, not much
can be done to improve its forgeability. Higher-carbon steel is difficult to forge. Large grain
size is best if subsequent heat treatment will refine the grain size.

Low-carbon, nickel-chromium steels are just about as plastic at high temperature under
a single 520ft » 1b (1ft » Ib=1. 355, 82]) blow as plain steels of similar carbon content.
Nickel decreases forgability of medium-carbon steels, but has little effect on low-carbon
steels. Chromium seems to harden steel at forging temperatures, but vanadium has no dis-
cernible effect; neither has the method of manufacture any effect on high-carbon steel.
Formability

The cold-formability of steel is a function of its tensile strength combined with ductility.
The tensile strength and yield point must not be high or too much work will be required in
bending; likewise, the steel must have sufficient ductility to flow to the required shape with-
out cracking. The force required depends on the yield point, because deformation starts in
the plastic range above the yield point of the steel. Work-hardening also occurs here, pro-
gressively stiffening the metal and causing difficulty, particularly in the low-carbon steels.

It is quite interesting in this connection to discover that deep draws can sometimes be
made in one rapid operation that could not possibly be done leisurely in two or three®. If a
draw is half made and then stopped, it may be necessary to anneal before proceeding, that is,
if the piece is given time to work-harden. This may not be a scientific statement, but it is
actually what seems to happen.

Internal Stresses

Cold forming is done above the yield point in the work-hardening range, so internal
stresses can be built up easily. Evidence of this is the springback as the work leaves the
forming operation and the warpage in any subsequent heat treatment. Even a simple washer
might, by virtue of the internal stresses resulting from punching and then flattening, warp
severely during heat treating®.
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When doubt exists as to whether internal stresses will cause warpage, a piece can be
checked by heating it to about 1,100°F and then letting it cool. If there are internal stresses,
the piece is likely to deform. Pieces that will warp severely while being heated have been
seen, yet the heat-treater was expected to put them through and bring them out better than
they were in the first place.

Welding

The maximum carbon content of plain carbon steel safe for welding without preheating
or subsequent heat treatment is 0. 30%. Higher-carbon steel is welded every day, but only
with proper preheating. There are two important factors: (1) the amount of heats that is put
in; (2) the rate at which it is removed.

Welding at a slower rate puts in more heat and heats a large volume of metal, so the
cooling rate due to loss of heat to the base metal is decreased. A preheat will do the same
thing. For example, SAE 4,150 steel, preheated to 600°F or 800°F, can be welded readily.
When the flame or arc is taken away from the weld, the cooling rate is not so great, owing to
the higher temperature of the surrounding metal, and slower cooling results. Even the most
rapid air-hardening steels are weldable if preheated and welded at a slow rate.

Machinability

Machinability means several things. To production men it generally means being able to
remove metal at the fastest rate, leave the best possible finish, and obtain the longest possi-
ble tool life®. Machinability applies to the tool-work combination.

It is not determined by hardness alone, but by the toughness, microstructure, chemical
composition, and tendency of a metal to harden under cold work. In the misleading expres-
sion “too hard to machine”, the work “hard” is usually meant to be synonymous with “diffi-
cult” . Many times a material is actually too soft to machine readily. Softness and toughness
may cause the metal to tear and flow ahead of the cutting tool rather than cut cleanly. Metals
that are inherently soft and tough are sometimes alloyed to improve their machinability at
some sacrifice in ductility. Examples are use of lead in brass and of sulfur in steel.

Machinability is a term used to indicate the relative ease with which a material can be
machined by sharp cutting tools in operations such as turning, drilling, milling, broaching,
and reaming.

In the machining of metals, the metal being cut, the cutting tool, the coolant, the
process and type of machine tool, and the cutting conditions all influence the results. By
changing any one of these factors, different results will be obtained. The criterion upon
which the ratings listed are based is the relative volume of various materials that may be

removed by turning under fixed conditions to produce an arbitrary fixed amount of tool wear.
Selected from “Modern Manufacturing Process Engineering”, Benjamin W. Niebel, et al. , McGraw-Hill

Publishing Company, -1989.
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Notes

(D in this connection BB KN EIX H H . deep draws, FEEFEHIfR, SHF: “BEXHH,
HYEBHEARERAERATES KR EMB T REENE, HUAZEEH T ZKmE
HARBEH.”

@ SHEFEX: “HER—HANSEE, A THIAMNBEENFEMTH&=ERNMN T, ©
SHEXLEE PRI EHKEN .

@ BEHEX: “NF BB MID TARG, AT THEE BWRERYE LBROFEY
HITH, RERFOREREE, FENTARSBRKOERSW.”

Exercises

1. After reading the text above, write a summary of it.
2. Answer the following questions.

@ What basic concepts assist the production-design engineer in the selection of steel?

@ What is the most important factor in selection of material when a series of manufactur-
ing process is needed?

® Which mechanical property or behavior is most important for the formability of the ma-
terials?

@ How can a piece of steel be checked to determine whether internal stresses will cause
warpage?
3. Translate the 1%t paragraph into Chinese.
4, Put the following into Chinese
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