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PART I MECHANICAL ENGINEERING

Lesson 1 Mechanical Properties and Their Measurements

1.1 STRENGTH

The resistance offered by a material on application of external force is called strength. Depen-
ding on the type of load applied, the strength could be tensile, compressive or shear. By applica-
tion of load, the material is elastically deformed, which is called strain®. It can be defined as

change in dimension

Strain'==—+ : :
original dimension

The resistance offered by the material is also referred to as stress which can then be defined as

applied load

Stress = ; :
area of cross section opposing the load

The deformation caused in a material is of two types, elastic and plastic. Elastic deformation
is that part of the deformed material which when the applied load is removed, would spring back
to its normal shape. Plastic deformation is on the other hand, permanently set in a material and
cannot be regained.

Tensile strength is measured by a tensile test carried out on a universal testing machine. This
involves the preparation of a test specimen as per standard shown in Fig. 1-1. The standard speci-

men is cylindrical in cross section with a diameter, d. The gauge length L is given by

L=5.65{d
Then a uniformly increasing | L S
tensile load is applied on the speci- L
men. As the load increases the =
specimen initially gets elastically ;
elongated. On further elongation, For a Stable Grip R

the specimen starts necking at Fig. 1-1 Standard test specimen for tensile test
some point when the material goes
beyond the elastic range. The reduced width of the specimen would further be reduced under the
force of the load and finally develop fractures when the test is completed. During the test, a record
is maintained of the load and the corresponding elongation. The stresses and strains are calculated
from the data and plotted in a diagram as shown in Fig. 1-2.

It can be observed that there is a limit up to which the applied stress is directly proportional to

the induced strain as represented by the linear portion of the curve?. The end of the linear portion

1
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is the yield point of the material above which the material starts plastically deforming. In the plas-
tic region, there is a non-linear relationship between the stress

and strain as evidenced by the bow-shaped portion of the

curve. Finally, when the force of the applied load goes be- 4 [pachuc
Yie

yond the limit that can be borne by the material, the specimen Point

breaks.

Stress

The stress at the elastic limit is called the yield strength.
The maximum stress reached in a material before the fracture
is termed as the ultimate strength. Similar tests can also be

conducted for measuring the compression and shear strength. ERUE
Fig. 1-2  Stress-strain diagram
1.2 HARDNESS ¢ i

Hardness is a very important property since the manufacturing depends on it to a great extent.
It is the resistance offered by a material to indentation. There are a number of indentation tests to
measure the hardness of a material normally. These usually involve a ball, a cone or a pyramid of
a harder material which is indented into the material under test with a specified load. The perma-
nent indentation thus made is measured to give an indication of the hardness on the given scale for
the tests.

The most commonly used tests are:

1) Brinell hardness test. Brinell hardness test where a sphere (usually of diameter 10 +
0.01mm) made of steel or tungsten carbide is indented with a gradually applied load at right an-
gles to the specimen surface and the indentation diameter made on the specimen measured. Then
the Brinell hardness number, BHN is given by

2P

wD [D- D -d*]

BHN =

where P——the applied load in kg;
D——the diameter of the ball (mm) ;
d——the diameter of the indentation (mm).

2) Rockwell test. Rockwell test utilises the principle that the depth of penetration of the in-
dentor is proportional to the material hardness. Thus the hardness measurement is faster compared
to other methods. In Rockwell test, a sphero-conical diamond cone of 120°angle and a spherical
apex of radius 0. 2 mm is used to make the indentation and the depth of the indentation, ¢ is used
to calculate the hardness number.

The Rockwell hardness number (R) is given by

R =100 -500 ¢

3) Vickers test. Besides, there are other tests available such as Vickers and Knoop hardness
tests to measure hardness over a small area. In Vickers hardness test, a square base pyramid dia-
mond indentor having 136° between the opposite faces is used. The Vickers hardness number
(VHN) is calculated by

2
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where L——the applied load, in kg which is normally about 30 kg though provision up to 120
kg would be available on the testing machine for harder materials;
D——the average diagonal of the indentation in mm.

1.3 DUCTILITY

It is the measure of the amount of plastic deformation a material can undergo under tensile
forces without fracture. In quantitative terms it is normally measured as the ratio of elongation of
the material at fracture during the tensile test to the original length, expressed as a percentage. The
final value of elongation obtained during the tensile test immediately after the fracture could be
taken as the ductility. Since the elongation is dependent upon the gauge length chosen for the ten-
sile test, the length needs to be specified along with the elongation values®. Alternatively, it may
also be expressed as the ratio of reduction in cross-sectional area in the fractured specimen to the o-
riginal cross-section area. This is independent of the gauge length and hence is a more convenient
measure for ductility. It is also termed as the ability of a material to be drawn into wires since only
ductile materials can be drawn into continuous wires without breaking in-between®. Brittleness is
the property opposite to that of ductility.

1.4 TOUGHNESS

This is the property which signifies the amount of energy absorbed by a material at the time of
fracture under impact loading. In short it is the capacity to take impact load®. It can be considered
as the total area under the stress strain curve since it is an indication of the amount of work done
on the material without causing fracture. Thus toughness can be considered as a parameter consis-
ting of both strength and ductility.

Toughness of a material is measured by means of im-
pact tests, where a notched bar prepared as per standard
from the test material , is held in a vice and a weight is al-
lowed to swing from a known height in such a way that it
hits the notched bar in its path and breaks it®. Since the
material has absorbed some amount of energy during its

fracture, the swinging mass loses part of its energy and

therefore will not be able to reach the same height from [ J

where it start, as shown in Fig. 1-3. The loss in height
(h) multiplied by the weight represents the energy ab- Fig. 1-3 Charpy impact testing machine
sorbed by the specimen during fracture, which can be directly measured from the indicator on the

tester.

(Selected from: P N Rao, Manufacturing Technology-Foundry , Forming and Welding, Chi-
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mechanical property
strain

stress

elastic deformation
plastic deformation
tensile strength
tensile test

universal testing machine

specimen

cross section
gauge length
elongation
elastic range
yield point
elastic limit
yield strength
ultimate strength
indentation
indentation test
carbide

tungsten

Brinell hardness
Rockwell hardness
Vickers hardness
ductility

tensile force

cross-section (al) area

brittleness
toughness
impact test
notched bar

Charpy impact testing machine

Notes

Terminology

PLBRPERE (4F1E)
NEAE

V%]

SRPEARTE

iR

Prfl (Pidr) Kk
J7 BRI

BA (&), 8 ()
B

PREE K

Pofi, JER; FEfRER
S

i Al

FRPERR R

e A 35 E

e PR B

FIR, %R
PREDBEBE Y ; FRIR A%
AL

WEae, mis
A FRBEBE

W ECRE B

Y FRBEBE

WY, sERME

Prh

A
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ok

A

M RAT sk AR
gE (AR) XrhdidKyl, BHhdRsl

1. By application of load, the material is elastically deformed, which is called strain.

4], which 5| BB e EENE, AERMTHB NI THNE. 2AaER: “#Ed
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HENERAT, PR A BEARTE, XA

2. It can be observed that there is a limit up to which the applied stress is directly proportional
to the induced strain as represented by the linear portion of the curve.

Ay, that 515 EFEMAE]; which 5] SRR E M EFENE, B limit; as 5] FEENE,
X RTRER I VERNFE VAR . 1k F2531A] applied 1 induced YE5EE, 43AEMH stress Fl strain, &
i& (to be) directly proportional to B Hy “Hee-- FLIEEL” 5 up to BR “eeeeee RAGRLT oo
(GEF, $fE) UW", @8R “Hial R, Zhas - RRCE, X EL
T, BrHEINE R 15 B s R BRI AE RE B, TE 0 SR B B BT R s AR R .

3. Since the elongation is dependent upon the gauge length chosen for the tensile test, the
length needs to be specified along with the elongation values.

A9, 1t3£43Al%E1E chosen for the tensile test VEJ5 B EiE, &M gauge length, EiE (to
be) dependent upon Ek “HUHTF”; along with Ry “BR------ 24N . @AA[FER: “HTIE
RBRT N H R BN, BEit, BRTEMRZIMNET R EIRERE,”

4. Tt is also termed as the ability of a material to be drawn into wires since only ductile mate-
rials can be drawn into continuous wires without breaking in-between.

A, REREIE to be drawn into wires /(5 B E 1S, B ability, term B “H8---ee
FRAgeeeee, Heeee Yo" 5 in-between TN “FERIE” . AIAIFR: @ T RABMEM
EA BERL BOELE R M TR SFER RN, I B WeFR AR B R b R RE ST .

5. In short it is the capacity to take impact load.

AJ, %E35 in short HIEAIE, BH “BZ; M52 WEMY, 2AFEN: “WF
Z, BREAZHEERMHGES "

6. Toughness of a material is measured by means of impact tests, where a notched bar pre-
pared as per standard from the test material, is held in a vice and a weight is allowed to swing
from a known height in such a way that it hits the notched bar in its path and breaks it.

/jH, where 5| 54 R Y2 1E WA, 1 impact tests, ZEZMAIH, i KA
prepared as per standard from the test material /Ef5 B Ei&, BHish-—1 notched bar; that 5|5
ZEEURIBAD; A it SRR weight (EY), BEE), A it SAKES A notched
bar, 4GiE as per BN “MR#E, M7, in such a way that BN “ MM H K, D",
AN B E R IEAR A, R, 2 RN I b
ARAG DR e R A b, AN E AR B, MELE RS PR b O
FF, HEEZHIR”

Exercises

1. Answer the following questions according to the text.

1) What is called strain? What about stress?

2) What are the most commonly used hardness tests? What is the corresponding hardness
number?

3) What is the difference between ductility and brittleness?

4) What can be considered as a parameter consisting of both strength and ductlhty?
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2. Translate the following terms into English.

1) MmEAR 2) MM 3) WM 4) ERSRE S) BERR

3. Translate the following terms from English into Chinese.

1) tensile test 2) Brinell hardness 3) plastic deformation 4) elastic limit 5) me-
chanical property

4. Translate the following sentences into English.

1) RIBPTRANBAT AR, SREER S RHRGRE | PR RS VIR EE

2) YUPLiERBE R i AETT BRI AL AT L K ke B

3) FAAHE LR B0 B KR S Bk A AR B AR B

4) MER-MERERNRE, XREMHEERARE EBORTFE,

5. Translate the following paragraph from English into Chinese.

Manufacturing of a component is normally influenced by the mechanical and thermal proper-
ties of the work material. Also, the mechanical properties are affected by the manufacturing
process employed. Either way the knowledge of mechanical properties of engineering materials is
important to a manufacturing engineer.

Lesson 2 Metals

2.1 FERROUS METALS AND ALLOYS

2.1.1 Steel

Carbon steel is easily the most commonly used material in process plants despite its somewhat
limited corrosion resistance. It is routinely used for most organic chemicals and neutral or basic a-
queous solutions at moderate temperatures. It is also used routinely for the storage of concentrated
sulfuric acid and caustic soda (up to 50 percent and 55°C ). Because of its availability, low cost,
and ease of fabrication steel is frequently used in services with corrosion rates of 0.13 to 0.5
mm/y, with added thickness ( corrosion allowance) to assure the achievement of desired service
life. Product quality requirements must be considered in such cases.

2.1.2 Cast Iron

Generally, cast iron is not a particularly strong or tough structural material,, although it is one
of the most economical materials and is widely used industrially.

Gray cast iron, low in cost and easy to cast into intricate shapes, contains carbon, silicon,
manganese, and iron. Carbon (1.7 to 4.5 percent) is present as combined carbon and graphite;
combined carbon is dispersed in the matrix as iron carbide ( cementite) , while free graphite occurs
as thin flakes dispersed throughout the body of the metal. Various strengths of gray iron are pro-
duced by varying size, amount, and distribution of graphite. '

Gray iron has outstanding damping properties—that is, ability to absorb vibration—as well as

@

wear resistance . However, gray iron is brittle, with poor resistance to impact and shock. Ma-

chinability is excellent.

6
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With some important exceptions, gray-iron castings generally have corrosion resistance simi-
lar to that of carbon steel. They do resist atmospheric corrosion as well as attack by natural or neu-
tral waters and neutral soils. However, dilute acids and acid-salt solutions will attack this materi-
al.

Ductile cast iron includes a group of materials with good strength, toughness, wear resist-
ance, and machinability. This type of cast iron contains combined carbon and dispersed nodules of
carbon. Composition is about the same as gray iron, with more carbon (3.7 percent) than mallea-
ble iron. The spheroidal graphite reduces the notch effect produced by graphite flakes, making the
material more ductile®.

There are a number of grades of ductile iron; some have maximum toughness and machin-
ability ; others have maximum resistance to oxidation.

Generally, corrosion resistance is similar to gray iron. But ductile iron can be used at higher
temperatures—up to 590°C and sometimes even higher.

2.1.3 Stainless Steel

There are more than 70 standard types of stainless steel and many special alloys. These steels
are produced in the wrought form and as cast alloys. Generally, all are iron-based, with 12 to 30
percent chromium, O to 22 percent nickel, and minor amounts of carbon, niobium ( columbium) ,
copper, molybdenum, selenium, tantalum, and titanium. These alloys are very popular in the
process industries. They are heat- and corrosion-resistant, noncontaminating, and easily fabricated
into complex shapes.

There are three groups of stainless alloys: martensitic, ferritic, and austenitic.

The martensitic alloys contain 12 to 20 percent chromium with controlled amounts of carbon
and other additives. These alloys can be hardened by heat treatment, which can increase tensile
strength from 550 to 1,380 MPa.

Corrosion resistance is inferior to that of austenitic stainless steels, and martensitic steels are
generally used in mildly corrosive environments ( atmospheric, fresh water, and organic expo-
sures ) .

Ferritic stainless contains 15 to 30 percent Cr, with low carbon content (0. 1 percent). The
higher chromium content improves its corrosive resistance, The strength of ferritic stainless can be
increased by cold working but not by heat treatment. Fairly ductile ferritic grades can be fabricated
by all standard methods. They are fairly easy to machine. Welding is not a problem, although it
requires skilled operators.

Corrosion resistance is rather good, although ferritic alloys are not good against reducing acids
such as HCl. But mildly corrosive solutions and oxidizing media are handled without harm®.

Austenitic stainless steels are the most corrosion-resistant of the three groups. These steels
contain 16 to 26 percent chromium and 6 to 22 percent nickel. Carbon is kept low (0. 08 percent
maximum) to minimize carbide precipitation. These alloys can be work-hardened, but heat treat-
ment will not cause hardening. Tensile strength in the annealed condition is about 585 MPa, but
work-hardening can increase this to 2,000 MPa. Austenitic stainless steels are tough and ductile.
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They can be fabricated by all standard methods. But austenitic grades are not easy to ma-
chine. Rigid machines, heavy cuts, and high speeds are essential. Welding, however, is readily
performed, although welding heat may cause chromium carbide precipitation, which depletes the
alloy of some chromium and lowers its corrosion resistance in some specific environments, notably
nitric acid®. The carbide precipitation can be eliminated by heat treatment ( solution annealing).
To avoid precipitation, special stainless steels stabilized with titanium, niobium, or tantalum have
been developed. Another approach to the problem is the use of low-carbon steels, with 0. 03 per-
cent maximum carbon.

2.2 NONFERROUS METALS AND ALLOYS

2.2.1 Nickel and Nickel Alloys

Nickel is available in practically any mill form as well as in castings. It can be machined easi-
ly and joined by welding. Generally, oxidizing conditions favor corrosion, while reducing condi-
tions retard attack®. Neutral alkaline solutions, seawater, and mild atmospheric conditions do not
affect nickel. The metal is widely used for handling alkalies, particularly in concentrating, sto-
ring, and shipping high-purity caustic soda. Chlorinated solvents and phenol are often refined and
stored in nickel to prevent product discoloration and contamination.

2.2.2 Copper and Copper Alloys

Copper and its alloys are widely used in chemical processing, particularly when heat and elec-
trical conductivity are important factors. The thermal conductivity of copper is twice that of alumi-
num and 90 percent that of silver. A large number of copper alloys are available, including brasses
(Cu-Zn) , bronzes (Cu-Sn), and cupronickels.

Copper has excellent low-temperature properties and is used at —200°C. Brazing and solde-
ring are common joining methods for copper, although welding, while difficult, is possible®.
Generally, copper has high resistance to industrial and marine atmospheres, seawater, and alka-
lies. Oxidizing acids rapidly corrode copper. However, the alloys have somewhat different prop-
erties than commercial copper.

Brasses with up to 15 percent Zn are ductile but difficult to machine. Machinability imprdves
with increasing zinc up to 36 percent Zn. Brasses with less than 20 percent Zn have corrosion re-
sistance equivalent to that of copper but with better tensile strengths”. Brasses with 20 to 40 per-
cent Zn have lower corrosion resistance and are subject to dezincification and stress corrosion
cracking, especially when ammonia is present.

Bronzes are somewhat similar to brasses in mechanical properties and to high-zinc brasses in
corrosion resistance ( except that bronzes are not affected by stress cracking) ®_ Aluminum and sil-
icon bronzes are very popular in the process industries because they combine good strength with
corrosion resistance.

Cupronickels (10 to 30 percent Ni) have become very important as copper alloys. They have
the highest corrosion resistance of all copper alloys and find application as heat-exchanger tubing.
Resistance to seawater is particularly outstanding.
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2.2.3 Titanium

Titanium has become increasingly important as a construction material. It is strong and of me-
dium weight. Corrosion resistance is very superior in oxidizing and mild reducing media. Titanium
is usually not bothered by impingement attack, crevice corrosion, and pitting attack in seawater.
Its general resistance to seawater is excellent. Titanium is resistant to nitric acid at all concentra-
tions except with red fuming nitric. The metal also resists ferric chloride, cupric chloride, and
other hot chloride solutions. However, there are a number of disadvantages to titanium which have
limited its use. Titanium is not easy to form, it has a high springback and tends to gall, and weld-
ing must be carried out in an inert atmosphere.

2.2.4 Zirconium

Zirconium was originally developed as a construction material for atomic reactors. Reactor-
grade zirconium contains very little hafnium, which would alter zirconium’s neutron-absorbing
properties. Commercial-grade zirconium, for chemical process applications, however, contains
2.5 percent hafnium. Zirconium resembles titanjum from a fabrication standpoint. All welding
must be done under an inert atmosphere. Zirconium has excellent resistance to reducing environ-
ments. Oxidizing agents frequently cause accelerated attack. It resists all chlorides except ferric
and cupric. Zirconium alloys should not be used in concentrations of sulfuric acid above about 70
percent. There are a number of alloys of titanium and zirconium, with mechanical properties supe-
rior to those of the pure metals. The zirconium alloys are referred to as Zircaloys.

(Selected from: Robert H. Perry & Don W. Green, Perry’s Chemical Engineers’ Handbook
(Seventh Edition) , Science Press & The McGraw-Hill Companies, Inc. , 2001)
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ferrous metal RELRE
ferrous alloy BEEE
carbon steel () W
corrosion resistance TR e P

aqueous solution
sulfuric acid
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corrosion allowance FOVFIE Tl EE

service life AR, AR
cast iron ek, H%

gray cast iron K (0) %k
cementite Bk

damping FHJE
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ductile (cast) iron
wear resistance
machinability
malleable (cast) iron
notch effect
stainless steel
chromium

nickel

niobium

tantalum

titanium

martensitic stainless steel.

ferritic stainless steel
austenitic stainless steel
heat treatment

cold working

weld

welding
precipitation

nitric acid

annealing

nonferrous metal
nonferrous alloy
alkaline solution
solvent

phenol

conductivity
electrical conductivity
thermal conductivity
aluminum

brass

bronze

cupronickel

brazing

soldering
dezincification

stress corrosion
ammonia

impingement attack
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