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Used and Some Useful References:

» Selection and Use of Engineering Materials; (J.A. Charles, FA.A. Crane & J.A.G. Furness;
Butterworth-Heinemann )

»  ASM Metals Handbook, Vol. 1,2: Properties and Selection, (ferrous & nonferrous alloys)
* Key to Steel, (CW. Wegst; Verlag Stahlschlussel Wegst GMBH)

»  Engineering Materials 1: An Introduction to Properties, Applications, and Design; (M. F.
Ashby & D. R. H. Jones)

% Elsevier Materials Selector, Vol. 1,2,3; (N.A. Waterman & M.F. Ashby; Elsevier Science)
*» Handbook of Materials Selection; (Myer Kutz; John Wiley & Sons)
% ASM Metals Handbook, Vol. 20: Materials Selection and Design; (ASM International)

% Structure and Properties of Engineering Alloys ; (W.F. Smith; McGraw-Hill)
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Static strength

The term ‘strength’ is often used rather loosely.
There are three distinct usages:

(1) static strength — the ability to resist a short-
term steady load at normal room
temperature;

(2) fatigue strength - the ability to resist a
fluctuating or otherwise time-variable load;

(3) creep strength — the ability to resist a load at
temperatures high enough for the load to
produce a progressive change in dimensions
over an extended period of time.

A proper understanding of the strength of a
material generally requires the determination of
its stress-strain curve either in tension, compres-
sion or shear: from this several parameters of
strength can be taken, according to the relevant
mode of failure.

Because of the relative ease with which the
tensile test can be carried out, most strength data
for metals are obtained in tension; relative to
these, compression data are sparse. However,
concrete and ceramics are commonly tested in
compression. Plastics, on the other hand are
frequently tested in flexure.
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1.1 DEFINITION OF STRESS AND STRAIN

Before discussing engineering material stress—strain response, it is approprate to
define the terms, stress and strain. This may be done in two generally accepted forms.

The first definitions, used extensively in engineering practice, are

load P

initial cross-sectional area  Ag

Teng = €Ngineering stress =

) ) rai change in length  [—
= engineering straln = —r— =
Seng £ ° initial length Iy

where [, = final gage length
lo = initial gage length

Alternatively, stress and strain may be defined by

load P

instantaneous cross-sectional area  A4;

Ougye = TUE Stress =

final length

€. = true strain = Iln — =
e initial length Iy

COrue = Oeng (1 + €cpp)

IN(Ecrz + 1)

(1-1a)

(1-1b)

(1-2a)

(1-2b)

(R.W. Hertzberg)
9



Mild steel

Aluminum
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Poisson’s ratio for most materials ranges from 0.25 to 0.35.
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Static sirength
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o3 Stress

yp = yield point
el = slastic fimit

ps = proof stress

p;s = lower yield stress

. Ip = limit of
failure FEmporﬁma;ﬁy F = failure
F = failure a = plastic strain offset
. 3 -
Strain Strain Strain

()

F = failure

Strain

Figure 6.2 Stress—strain curves for metals: {a} impure iron, (b) medium-carbon steel, {c] hard brass, and (d) grey cast

iron. |Dotted line indicates true stress, taking info account the ductite reduction of cross section,

Figure 6.2c is typical of materials which
undergo continuous yielding. The smooth transi-
tion from the fully elastic to the elastic-plastic
regime means that there is no clear singularity
available to provide a definition of general
yielding. The usual procedure is to measure the
stress for a certain plastic strain and call this the
proot stress. Values may be reported for plastic
strains of 0.5, 0.2, 0.05 or even 0.01%, but for
general engineering purposes 0.1 or 0.2% proof
stresses are preferred. (0.2% offset)

11
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True stress (psix 107

True Stress-True Strain for Various Materials

180

160

140

120

304 Stainless steel

- 1200
70-30 Brass, as received
8650 Steel -1 1000
1112 CR Steel 70-30 Brass, annealed
— — 800
. = 1020 Steel
v
4130 Steel
Copper. annealed 600
2024-T36 Al
— - 2024-0 Al 1 400
1100-0 Al
- 200
1100-H14 Al
| | | | | | | 0
02 04 06 08 10 12 14 16 18 20

True strain (g)

Manufacturing Processes for Engineering Materials, 5th ed.

Kalpakjian » Schmid

agy £ 2008, Pearson Education

ISBMN Mo. 0-13-227271-7

MPa

FIGURE 2.6 True stress-true strain

curves In tension at room
temperature for various metals. The
point of intersection of each curve at
the ordinate is the yield stress Y; thus,
the elastic portions of the curves are
not indicated. When the K and n
values are determined from these
curves, they may not agree with those
given in lable 2.3 because of the
different sources from which they

were collected. Source: 5. Kalpakjian.
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Elongation  Poisson’s
E{GPa] Y (MPs) UTS (MPa} in50mm (%) Ratio(r)

METALS (WROUTHT)

Aluminum and its alloys 0a-T4 J5-5540 QGO0 45 0.31-00
Copper and its allovs 105150 TE-LI00 140-T310 Exl-a) e = B
Lead and its allovs 14 14 H-55 L9 0.4
Magnesinm and its alloys 11-45 130-505 24380 21-5 L2000
Molybdenom and its slloys  330-360 EO-207T0 02340 40-30 032
Nickel and its slloys 180-214 1E-12400 JA5 1450 G5 031
Steels 190-200  206-1T25 4151750 B2 s S e
Stainless stecls 190-200  240-480 4B0-TH0 G20 (LZE-L30
Titanium and its alloys BO-130  344-1380 41514560 25T 03103
Tungsten and its alloys S-I00 SE0-GO0 G20-TE0 1] 02T
NONMETALLIC MATERIALS

Cernmics T 10400 1402600 1] 02
Dismond E20-1054

{bass and poreelsin TO-80 140 ] .24
Rubbers (.01-0.1 0.5
Thermoplastics 1.4-3.4 7-5 10005 (.32-04i
Thermoplastics, reinforeed 2-50 20-120 11

Thermosets 2517 A5-170 ] 0.
Boron fibers 480 Sl ]

Carbon fibers 25415 2L 1-2

Glass fhers (8, E) T84 Sol-A600 a

Keviar fhers (20, 49, 129} 711 SO 34 a4

Spectra fibers (900, 1000) 7100 2400-2800 3

Note: In the apper table, the lowest values for E, Y, and UTS and the highest values for
clongation are for the pure metals. Muoltiply GPs by 145,000 to obtain psi, and MPa by
145 to obtain psi. For example 100 GPa = 14 500 k=i, and 100 MPa = 14, 500 p=i.

Manufacturing Processes for Engineering Materials, 5th ed.
Kalpalkjan » Schmid

© 2008, Pearzon Education

ISBN Ne. 0-13-227271-7

TABLE 2.1 Typical mechanical properties
of various materials at room temperature.

See also Tables 10.1, 10.4, 10.8, 1.3 and
1.7,

1<



Power Law Flow Rule

Matenal K {MPa) i

Alvmimam, 1 100-0 | 8 020
20124-T4 Bl (.16
S052-0 210 h.13 .

B o Flow rule:

bl61-To 410 .05

750 400  DIT og—=FKeg"
Brass, TO30, annealed &5 0. 4%

855-15, cold rolled Gl (.34

Bronze (phosphor). annealed T 0. 46 :

Cohelt-base alloy, heat treated 2070 0.50 K = Strength coefficient

Copper. annealed 315 .54

Molvbdenum, annealed T2 013 - .

Stoed, Tow carhon, pampaled s30 o2 1= Strain hardening exponent
i hot ullin podl e (measures the ability of a metal
1112 annealed T 0.19
1112 cold rofled TR0 008 to harden)

4135 annealed 1015 0.17 Typical values for K and n

4135 cold rolled 110K} 14 at room temperature.

4340 annealed 640 0.15

17-4 P-H, annealed 1200 (.05 Manufacturing Processes for Engineering Materials,
5210, annealod 1450} 007 K.alpakjian » Schmid

S stainless, annealed 1275 0.45 1© 2008, Pearson Education

410 stainless, annealed O] 0.10 15BN Ne.0-13-227371-7

Noie: 100 MPa = 14 50 pea.



o= K (g,)" (5.8)

where K is the strength coefficient (stress intercept at g, = 1) and n is the
strain hardening exponent (slope of the line). The total true strain is then
given by

1/n
B=Eg+ap=%+(%) (5.9)

This type of true stress—true strain relationship 1s often referred to as the
“Ramberg-Osgood relationship.” The value of n gives a measure of the materi-
al’s work hardening behavior and is usually between 0 and 0.5. Values of K

29 Metal Fatigue in Engineering; 2" ed., R.I. Stephens,

A. Fatemi, R.R. Stephens, H.O. Fuchs, 2001.
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Work Hardening

Dislocations interact with each other and assume configurations
that restrict the movement of other dislocations. As the dislocation
density increases there is an increase in the flow stress of the
material.

The dislocations can be either “strong” or “weak” obstacles to the
movement of other dislocations, depending upon the types of
interactions that occurs between moving dislocations.

Work hardening or strain hardening can de described as the
strengthening of the material by low temperature plastic

deformation.
Work
Hardening
O v+
©
on
N
o
A
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TABLE 6.4. Strength of metals and metal alloys

Low yield Annealed pure metals o yordy el - 05 5
strength Mild steels L e Cojeels Sl g5l
(0-250 MPa) Non-heat-treatable Al-Mg alloys ooy JTFCC oil3ls
Medium yield Heat-treatable 2xxx/7xxx Al alloys =
strength High strength structural steels
(250-750 MPa)  Engineering steels — 52,8
Commercially pure (CP) titanium
Stainless steels —
High yield Titanium alloys n
sirength Cu-2% Be precipitation hardened M Sl ol
(750-1500 MPa) Medium-carbon low clloy steels = i €.l
High strength low alloy steels Soot LS oS 8
Precipitation hardened stainless steels

Ultra-highyield ~ Maraging steels
strength Patented wire
(>1500 MPa) Tool steels

18
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The need for strength to supplement some other more important property
frequently involves conflict because 1t often happens that any attempt to
increase Strength diminishes the major property. There are many

examples, as follows:

» Formability
» Machinability
» Wear resistance

» Electrical conductivity

20



Machinability

% Generally, machining becomes more difficult as strength increases [but not
always|.

** Many small and intricate lightly loaded parts such as cycle components,
screws, nuts and gears are machined from bar-stock of steel or other materials
in high-speed automatic lathes.

» This material needs to have its machinability enhanced by additions such as
sulphur (to form manganese sulphide in steel, MnS) or lead (in steel, aluminium
alloy or brass).

* Although these additions tend to embrittle the material to which they are
added, this disadvantage 1s tolerated because of enhanced productivity.

« The inclusions therefore elongate less during production of the stock and this
minimizes the adverse effect on mechanical properties and maximizes the
improvement in machinability.

21
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Electrical conductivity

7

aluminium.

*» The materials which exhibit the highest electrical conductivity are silver, copper and

% In each of these materials conductivity is maximized when the material is of highest

purity and in the fully annealed condition, a combination
corresponds to minimum strength.

100 Silver

"8" Cadmium

< 90 Zinc
8

> 80 -
=

S 70 -
b .

3 Zin

E 60 n
=

8 50 -
i

40

01 02 03 04 05 06 07 08 09 10
Quantity of added element {%)

which, unfortunately,

100

70 Strength + Conductivity:
60 Cu-Be

50 Cu-Cd

40

Figure 6.3 Effects of added elements upon the electrical conductivity of copper.

(Courtesy: Copper Development Association. ')
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Reminder:

Compromising in Materials Selection

24



TABLE 6.4. Strength of metals and metal alloys

Low yield Annealed pure metals o yordy el - 05 5
strength Mild steels e Cojels gl
(0-250 MPa) Non-heat-treatable Al-Mg alloys ooy JTFCC oil3ls
Medium yield Heat-treatable 2xxx/7xxx Al alloys
strength High strength structural steels
(250-750 MPa)  Engineering steels — 32,8 n
Commercially pure (CP) titanium
Stainless steels —
High yield Titanium alloys N
sirength Cu-2% Be precipitation hardened M Sl ol
(750-1500 MPa) Medium-carbon low clloy steels — i €.l
High strength low alloy steels Soot LS oS 8
Precipitation hardened stainless steels

-

Ultra-highyield ~ Maraging steels
strength Patented wire
(>1500 MPa) Tool steels
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The precipitation hardening (PH) stainless steels are a family of corrosion
resistant alloys some of which can be heat treated to provide tensile strengths of

850 to 1700 MPa and yield strengths of 520 MPa to over 1500 MPa - some three
or four times that of an austenitic stainless steel such as type 304 or type 316.

They are used 1n the oil and gas, nuclear and aerospace industries where a
combination of high strength, corrosion resistance and a generally low but

acceptable degree of toughness is required.

Precipitation hardening is achieved by the addition of copper, molybdenum,
aluminium and titanium either singly or in combination.

Table 1 Typical Compositions of some commoner precipitation hardening stainless steels

Specification Common Name

A693 Tp630 17/4PH

FV 520
A693 Tp631 17/7PH

PH 15/7 Mo
A 286

JBK 75

17/10P

Typical Chemical Analysis %

Type C Mn Cr Ni Mo Cu Al Ti Others
martensitic 0.050.7516.5 4.25- 4,25 - - Nb 0.3
austenitic-martensitic0.050.6 14.5 4.751.4 1.7 - - Nb 0.3
austenitic-martensitic0.06 0.7 17.257.25- - 1.25- -
austenitic-martensitic0.06 0.7 155 7.252.6 - 1.3 - -

. V 0.25
austenitic 0.041.4515.2526.01.25- 0.15 2.15B 0.007
austenitic 0.010.0414.7530.51.25-  0.302.15Y 9:22

B 0.0017
austenitic 0.070.7517.2 10.8 P 0.28



TABLE 6.2. Compositions of precipitation-hardened martensitic stainless steels

C Mn Cr Ni Mo Cu Nb Al
Fv5208 0.04 0.5 13.5 55 1.6 1.8 0.2 -
PH13-8 0.04 0.03 12.7 8.2 2.2 - - 1.1
TABLE 6.3. Properties of maraging steels

0.2% PS Kic
MPa ksi MPa.m!/2 ksi.in1/2

18Ni-8.5Co-3Mo-Al-Ti 1400 203 110-176 100-160
18Ni-8Co-5Mo-Al-Ti 1700 247 100-165 91-150
18.5Ni-9Co-5Mo-Al-Ti 19200 276 ?0-100 82-91

(el JSimp S 9V53 b il 5T L) Sy o Y58 Logae (Landing) Laylse 55,8 4

(G Rd 992) ( Nz oSl (Toughness) Xo,a> Heavy duty

Sl Bl o 45 o, Fe-Ni-Co-Mo-Ti Wb jlows Sojiz 5 alSovil 1S b

aging -LL 05 5, Kis> 97,988 27



Patented Wire:

The wire 1s patented by passing through tubes in a furnace at about 970 °C with

care to avoid decarburization, giving a uniform large grain size austenite.

Rapid cooling in air or molten lead follows to a low transformation temperature,
so that the final structure 1s of very fine pearlite with no separation of pro-
eutectoid ferrite.

This structure enables the wire to withstand very large reductions, as compared
to annealed material with separated ferrite cells, or tempered martensite where

the carbide does not develop into the same fibrous structure.

The wire 1s usually worked to tensile strengths in the range 1600-1850 MPa
(232-268 ksi). Patented wire 1s frequently used for springs which can be cold
formed and for wire rope for haulage purposes.

[ Music wire; ASTM A228]

[ DIN 17223 part 1, (1.1211) : Patented cold drawn carbon wire for spring ]
28



Because of the relative ease with which the
tensile test can be carried out, most strength data
for metals are obtained in tension; relative to
these, compression data are sparse. However,
concrete and ceramics are commonly tested in
compression. Plastics, on the other hand are
frequently tested in flexure.

For most ductile wrought metallic materials,

mechanical properties in compression are suffi-
ciently close to tensile properties as to make no
difference for the purposes of materials selection
(although there are a few exceptions). In other
classes of materials they may be different (Table

TABLE 6.1. Tensile and compressive strengths of materials

Tensile Compressive
strength strength
MPa ksi MPa ksi
Low-strength grey cast iron 155 22 620 88
High-sirength grey cast iron 400 58 1200 174
Portland cement 4 0.6 40 6
Concrete 3 0.5 40 6
Wood 100 15 27 4
Polyether ether ketone {PEEK] + 30% short carbon fibres 233 34 240 35
Epoxy + 50% unidirectional E-glass fibre prepreg laminate -
rallel to fibres 1100 160 200 130
perpendicular to fibres) (40) {6) (150)  (22)
Epoxy + 60% unidirectional high strength carbon fibre prepreg laminate —
rallel to fibres ° | 2000 290 1300 190
perpendicular to fibres) (80)  (12) (250) (36}
(% by volume)

29
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Toughness

Q Although strength 1s traditionally the principal parameter of design, it 1s
not the only, or even the most important property.

O Hardly ever 1s a material suitable for use 1f it possesses just one desirable
property- usually 1t must exhibit a suitable combination of properties.

A In the case of engineering structures it 1s important that strength be
combined with toughness.

O This 1s because experience has shown that most service failures at
temperatures below the creep range occur not as a result of general
plastic distortion but because of fracture at nominal stresses lower than
those for general yield.

31
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Several variables that have a profound influence on the toughness of a material:

= Strain rate (rate of loading)

= Temperature

= Notch effect [stress state]

A metal may possess satisfactory toughness under static loads but may fail under

dynamic loads or impact.

Toughness

Brittle fracture

Ductile fracture

Stress

0 Strain

www . substech.com

Stress —=

High Carbon Steel

Strongest

Medium Carbon Steel
Toughest

Low Carbon Steel
Most Ductile

Strain —=
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The meaning of toughness

» Toughness 1s resistance to fracture. Absence of toughness is denoted by the
term brittle and when a material can be induced to fracture with the

expenditure of little effort 1t 1s so described.

» The effort expended can be thought of in terms of stress or energy giving
different but equally valid ways of looking at the fracture problem, as in the
Table . This table shows that fracture can also be categorized in terms of the

speed with which 1t propagates.

Britile

Tough

Stress Fracture occurs at a
level of stress below
that required to
produce yielding
across the whole
cross-section

Energy  Fracture is a low-
energy process

Speed  Fracture is fast

Fracture occurs at a
level of stress which
corresponds to that
required to produce
yielding across the
whole cross-section

Fracture is a high-
energy process

Fracture is slow

34



Tests for Evaluating Toughness

 Many tests have been invented to assess the toughness of a material, e.g.:
O notched tensile test
O Charpy impact test
A the drop weight tear test (DWTT)
a ...

O The early tests were highly arbitrary and merely attempted to imitate the
conditions of service that were known to decrease toughness.

O The toughness of steel 1s decreased by:
O decreasing temperature;
O increasing strain rate; and

[ increasing plastic constraint.

35



The assessment of toughness

There are two main ways of assessing materials
for resistance to fracture:

(1) the transition temperature approach and <= [mpact Test
(2) the fracture mechanics approach. & Fracture Mechanics

36



Impact Tests

Impact tests are designed to measure the resistance to failure of a material to a
suddenly applied force. The test measures the impact energy, or the energy absorbed
prior to fracture. Impact energy is a measure of the work done to fracture a test
specimen.

The most common methods of measuring impact energy are the:

o  Charpy Test

o  Izod Test

a} —1

> <
Chapy Vemich
i
ol i b

y charpy
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Energy absorbed

Appearance of fracture

Deformation (lateral expansion)

—

VS Temperature
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Fracture appearance is described according to
the proportions of the fracture surface which
appear crystalline or fibrous. The latter is termed
the shear area (SA). Thus: % crystallinity + % SA
= 100. Specimens fractured at temperatures close
to the transition temperature will show a mixed
fracture appearance.

Energy, Joules
Fracture appearance, % shear area

-200 FATT O +200
Temperature, °C

Figure 7.1 Charpy diagram for low-strength steel.
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(*“Fahrenheit)
—59 —12 4 16 24 79

bright appearance, cleavage failure dull appearance, plastic deformation

Fracture Surface Microstructure

41

ductile




2
17, D i s W
wavd =] N
% 974 I s ully 5

e

= oM MRS WO R

A fractured Liberty Ship

Welding, in place of riveted construction, was a novelty in ship building at the time
and was initially blamed for the failures. Intensive analysis, however, eventually
identified the relatively high DBTT of the steel used for these ships as the root cause.
The cold water temperatures of the North Atlantic transformed the normally ductile
steel into an extremely brittle material, and single load events ranging from large
waves at sea to heavy cargo load placement were sufficient to cause brittle single
cycle fractures.




If the transition from brittle to tough behav-
iour is quite distinct then it is possible to specify
a single value of temperature to represent the
transition. This transition temperature then
gives, for the steel under test, the lower limit of
permissible temperature in service. That is to say,
if a given steel is to be a candidate material for a
given application its measured transition tem-
perature must be lower than the temperature of
intended service.

43



The transition approach fails with high-
strength materials because the transition becomes

so indistinct as to be almost indeterminate. In
terms of energies the upper shelf energy (USE) is
not much greater than that at the lower, and the

difference is spread over such a wide range of
temperatures that the concept of transition tem-
perature has hardly any meaning (Figure 7.2).

It is therefore especially with materials of

higher strength (non-ferrous as we ous)
that the toughness concepts n@cture mecha@ Low strength
ics have proved so valuable.
&
2
i High strength
44 Temperature

Figure 7.2 Comparison of Charpy energies for low-
and high-strength steels.



Fracture mechanics

« Crack may propagate in one or more ways as a function of
the loading
— Mode | Opening Mode |
— Mode Il Sliding Mode . . F
| JI .
I

- Crack tip

— Mode Il Tearing Mode surface s, _me

« Most general case is

mixed mode i fm!ﬁk7§
U surface “surface
* In isotropic materials, gy =R \' JE: ——
brittle fracture usually lr /
occurs in Mode |
fet) {1 (P

(a) Mode L. (b) Mode II. (¢) Mode III
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The factor o \/mc is written K, termed the elastic
stress intensity factor. The value of K at propaga-
tion of fracture is denoted K-

Kcz U\/E

Kc is not a material constant since it is deter-
mined by geometry, but when the thickness of
the specimen is large enough to ensure plane
strain conditions K- has a minimum value for
the given material. This is dencied Kic, since
crack advancement is then in the opening mode.
K¢ is therefore a material constant (Figure 7.5).
The dimensions of K are stress/length and are
expressed in MPam!/? or similar.

=»
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Centre-cracked plate loaded in tension.

w
A
g Plane stress
| =
5
o |
S
S Krc
£ |
@ || Plane strain
TR |

I

|

Thickness

Figure 7.5 Variation of fracture toughness with thickr}f%s.



8.3 DESIGN PHILOSOPHY

The interaction of material properties, such as the fracture toughness, with the design
stress and crack size controls the conditions for fracture in a component. For example,

it is seen from Fig. 8.7« that the fracture condition for an infinitely large cracked plate
would be

K=K, =og\ma (8-28)

LN

Material Design Allowable flaw size
selection stress or NDT flaw detection

This relation may be used in one of several ways to design against a component
failure. For example, if you are to build a system that must withstand the ravages of
a liquid metal environment, such as in some nuclear reactors, one of your major
concerns is the selection of a suitable corrosion-resistant material. Once done, you
have essentially fixed K. In addition, if you allow for the presence of a relatively
large stable crack—one that can be readily detected and repaired—the design stress
is fixed and must be less than K. ./A\/ma.

(Hertzberg)

K=ao+ma , Y =a,a=rc)

(a)

K = Yoa
¥ ~11V7

(&)



)

b

(

(a)
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Table 1: Stress intensity factors for several common geometries.

Type of Crack

Stress Intensity Factor, Ky

Center crack,
length 2a, in an
infinite plate

Edge crack.
length a, in a
semi-infinite plate

Central penny-shaped
crack, radius a. In

in infinite body

Center crack,
length 2a in
plate of width W

2 symmetrical edge
cracks, each length a, in

plate of total width W

JDD\/W [tan (37) + 0.1sin (‘}'{{f"’

)

(S adal
K =Yo\ma
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Materials selection for toughness

I

200

- 150

150 TRIP (transformation

induced plasticity) steels

Low alloy
quenched and
tempered
steels ™

100

-=—Maraging steels

<100

Fracture toughness, Kic. MPa m
ksl in

Precipitation-
hardening
stainless steels™

ED I_ | ] h‘
1000 1500 2000

Yield strength (MPa)

Figure 7.7 Variation of fracture foughness with (ield
strength for various classes of high-strength steels. (From
J. F Knott.)®
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TABLE 7.4. Typical values of plane strain fracture toughness K

Strength Fracture toughness
MPa ksi MPam’; ksiinl;
Steels
Medium-carbon steel 260 37.7 49
Pressure-vessel steel AS33B Q and T 500 72.5 182
Maraging steel 1390 202 110-176 100-160
1700 247 PP—-165 20-150
1930 280 80-130
2033 295 &0
300Mm { 1895 275 75
1758 255 70
AIS| 4340 { 1930 280 55
AlSI 4340
Tempered 200°C, commercial purity 1650 239 36
Tempered 200°C, high purity 1630 236 73
Aluminivm alloys
2024-T4 346 50 50
2024-1851 414 &0 22
7075-T6 4463 &7 35-60
7075-Té651 482 70 28
7178-Té 560 81 21
7178-T651 517 75 22
Titanium alloys
Ti—6Al-4V 830 120 45-55
Ti-6Al-5Zr—0.5Mo—0.25i 877 127 55-65
Ti—4Al-4Mo—-25n—0.55i 260 139 36—45
Ti=11Sn=-5Zr-2.25Al-1Mo-0.25i @70 141 32-41
Ti—4Al-4Mo~45n—0.55i 1095 159 27-36
Thermoplastics
PMMA 30 4 1 0.9
GP Polystyrene - - 1 0.9
Acrylic sheet - - 2 1.8
Polycarbonate - - 2.2 2.0
Others
Concrete - - 0.3-1.3 0.3-1.2
Glass - - 0.3-0.6 0.3-0.5
Dense alumina 2.5-3 2.3-2.7
Zirconia toughened alumina 6—12 5.5-11.0
Partially stabilized zirconia 8-16 7.3-14.6
Douglas fir - - 0.3 0.3




Kic=a (/) Vma,

The final column gives the critical crack length for
a stress equal to half the yield stress (i.e. f=2).

TABLE 7.5
SfEEJI Sff'UChJ-"E Tys K“: AJF“[KICIUYS] 2
MPa ksi MPamY, ksiin¥ mm in
A212 Ferrite-pearlite 283 4] 70 94 3.7
A533 Mixed transfermation 427 62 86 63 2.5
products
A543 Lower bainite 586 85 165 121 4.8

Q500 1l i o it el Bld 51 5L slao¥es IS cl> o
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(@ www.worldautosteel.org/steel-basics/steel-types/transformation-induced-plasticity-trip-steel/ Optional
HOME > STEEL BASICS > STEEL TYPES > TRANSFORMATION-INDUCED PLASTICITY (TRIP) STEEL

Transformation-Induced Plasticity (TRIP) Steel

The microstructure of TRIP steels is retained austenite embedded in a primary matrix of ferrite. In addition to a
minimum of five volume percent of retained austenite, hard phases such as martensite and bainite are present in
varying amounts. TRIP steels typically require the use of an isothermal hold at an intermediate temperature, which
produces some bainite. The higher silicon and carbon content of TRIF steels also result in significant velume fractions
of retained austenite in the final microstructure.

Ferrite
Martensite
Bainite

Retained

Austenite
0C0®00
Bainite and retained austenite are additional phases in TRIP oloN Nelo)
ool NoNs:

a3piiyle https://iran-mavad.com/
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TRIP steel Optional WIKIPEDIA % 4languages v

Article  Talk Read Edit View history Tools v

From Wikipedia, the free encyclopedia

TRIP steel are a class of high-strength steel alloys typically used in naval and marine applications and in the automotive
industry.l'l TRIP stands for "Transformation induced plasticity," which implies a phase transformation in the material,
typically when a stress is applied. These alloys are known to possess an outstanding combination of strength and ductility.

Microstructure |edi]

TRIP steels possess a microstructure consisting of austenite with sufficient thermodynamic instability such that
transformation to martensite is achieved during loading or deformation. Many automotive TRIP steels possess retained
austenite within a ferrite matrix, which may also contain hard phases like bainite and martensite.l”! In the case of these
alloys, the high silicon and carbon content of TRIP steels results in significant volume fractions of retained austenite in the
final microstructure.

TRIP steels use higher quantities of carbon than dual-phase steels to obtain sufficient carbon content for stabilizing the
retained austenite phase to below ambient temperature. Higher contents of silicon and/or aluminium accelerate the
ferrite/bainite formation. They are also added to avoid formation of carbide in the bainite region.
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During deformation, the dispersion of hard second phases in soft ferrite creates a high work hardening rate, as

observed in the DP sieels. However, in TRIP steels the retained austenite also progressively transforms to mart Optlonal

with increasing strain, thereby increasing the work hardening rate at higher strain levels. This is illustrated in Figure 2Z-
8, where the engineering stress-strain behavior of HSLA DF and TRIP steels of approximately similar yield strengths
are compared. The TRIP steel has a lower initial work hardening rate than the DP steel, but the hardening rate persists
at higher strains where work hardening of the DP begins to diminish. Additional engineering and true stress-strain
curves for TRIP steel grades are located in Figure 2-9 of the Advanced High-Strength Steels Application Guidelines.

700

600

500

400

300

DP 350/600
200 = TRIP 350/600

Engineering Stress (MPa)

HSLA 350/450
100

0 5 10 15 20 25 30 35
Engineering Strain (%)
The work hardening rates of TRIP steels are substantially higher than for conventional HSS, providing significant
stretch forming. This 1s particularly useful when designers take advantage of the high work hardening rate {and
increased bake hardening effect) to design a part utilizing the as-formed mechanical properties. The high work

hardening rate persists to higher strains in TRIP steels, providing a shight advantage over DP in the most severe
stretch forming applications.

TRIP steels use higher quantities of carbon than DP steels to obtain sufficient carbon content for stabilizing the
retained austenite phase to below ambient temperature. Higher contents of silicon and/or aluminium accelerate the
ferrite/bainite formation. These elements assist in maintaining the necessary carbon content within the retained

austenite. Suppressing the carbide precipitation during bainitic transformation appears to be crucial for TRIP steels.

Silicon and aluminium are used to avoid carbide precipitation in the bainite region.
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WIKIPEDIA

Optional

High-strength low-alloy steel The Free Encyclopedia

From Wikipedia. the free encyclopedia

High-strength low-alloy steel (HSLA) is a type of alloy steel that provides better mechanical properties or greater resistance to
corrosion than carbon steel. HSLA steels vary from other steels in that they are not made to meet a specific chemical composition
but rather to specific mechanical properties. They have a carbon content between 0.05-0.25% to retain formability and weldability.
Other alloying elements include up to 2.0% manganese and small quantities of copper, nickel, niobium, nitrogen, vanadium,
chromium, molybdenum, titanium, calcium, rare earth elements, or zirconium 'IEl Copper, titanium, vanadium, and niobium are
added for strengthening purposes. ! These elements are intended to alter the microstructure of carbon steels, which is usually a
ferrite-pearlite aggregate, to produce a very fine dispersion of alloy carbides in an almost pure ferrite matrix. This eliminates the
toughness-reducing effect of a pearlitic volume fraction yet maintains and increases the material's strength by refining the grain
size, which in the case of ferrite increases yield strength by 50% for every halving of the mean grain diameter. Precipitation
strengthening plays a minor role, too. Their yield strengths can be anywhere between 250-5390 megapascals (36,000-86,000 psi).
Because of their higher strength and toughness HSLA steels usually require 25 to 30% more power to form, as compared to carbon
steels. [

SAE HSLA steel grade compositions[’

Grade | % Carbon {max) | % Manganese (max) % Phosphorus (max) % Sulfur(max) | % Silicon (max) Notes
i-942)( 0.21 135 0.04 0.05 0.90 Miobium or vanadium treated

945A |0.15 1.00 0.04 0.05 0.90
I 945C |0.23 1.40 0.04 0.05 0.90
i-945}{ 0.22 1.35 0.04 0.05 0.90 Miobium or vanadium treated

950A |0.15 1.30 0.04 0.05 080

9508 |0.22 1.30 0.04 0.05 0.g0

950C | 0.25 1.60 0.04 0.05 0.90
i 950D | 0.15 1.00 015 0.05 0.90
i_BED}( 0.23 135 0.04 0.05 0.90 Miobium or vanadium treated

955X | 0.25 1.35 0.04 0.05 0.90 Miobium, vanadium, or nitrogen treated
I 960X |0.26 145 0.04 0.05 0.90 MNiobium, vanadium, or nitrogen treated
[985}{ 0.26 1.45 0.04 0.05 0.90 MNiobium, vanadium, or nitrogen treated
| 970X | 0.26 165 0.04 0.05 090 MNiobium, vanadium, or nitrogen treated
| 980X | 026 1.65 0.04 0.05 0.90 Niobium, vanadium, or nitrogen treated
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Optional

https://en.wikipedia.org/wiki/High-strength_low-alloy_steel @ 1

High-strength low-alloy steel WIKIPEDIA

The Free Encvclopedia

From Wikipedia, the free encyclopedia

Classifications [edit]

» Weathering steels: steels which have better corrosion resistance. A common example is COR-TEN.

» Control-rolled steels: hot rolled steels which have a highly deformed austenite structure that will transform to a very fine equiaxed
ferrite structure upon cooling.

« Pearlite-reduced steels: low carbon content steels which lead to little or no pearlite, but rather a very fine grain ferrite matrix. It is
strengthened by precipitation hardening.

» Acicular ferrite steels: These steels are characterized by a very fine high strength acicular ferrite structure, a very low carbon
content, and good hardenability.

» Dual-phase steels: These steels have a ferrite microstruture that contain small, uniformly distributed sections of martensite. This
microstructure gives the steels a low yield strength, high rate of work hardening, and good formability.["!

» Microalloyed steels: steels which contain very small additions of niobium, vanadium, and/or titanium to obtain a refined grain size
and/or precipitation hardening.

A common type of micro-alloyed steel is improved-formability HSLA. It has a yield strength up to 80,000 psi (550 MPa) but only costs 24%
more than A36 steel (36,000 psi (250 MPa)). One of the disadvantages of this steel is that it is 30 to 40% less ductile. In the U.S., these
steels are dictated by the ASTM standards A1008/A1008M and A1011/A1011M for sheet metal and AG56/A656M for plates. These steels
were developed for the automotive industry to reduce weight without losing strength. Examples of uses include door-intrusion beams,
chassis members, reinforcing and mounting brackets, steering and suspension parts, bumpers, and wheels.[21°]
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Optional

Dual_pha Se Ste el WI KIPE DIA B https://en.wikipedia.org/wiki/Dual-phase_steel

The Free Encyclopedia

From Wikipedia, the free encyclopedia

Dual-phase steel (DPS) is a high-strength steel that has a ferrite and martensitic microstructure.
DPS starts as a low or medium carbon steel and is quenched from a temperature above A; but
below A5 on a continuous cooling transformation diagram. This results in a microstructure
consisting of a soft ferrite matrix containing islands of martensite as the secondary phase
(martensite increases the tensile strength). Therefore, the overall behavior of DPS is governed by
the volume fraction, morpology (size, aspect ratio, interconnectivity, etc.), the grain size and the
carbon content.I" For achieving these microstructures, DPS typically contain 0.06-0.15 wt.% C
and 1.5-3% Mn (the former strengthens the martensite, and the latter causes solid solution
strengthening in ferrite, while both stabilize the austenite), Cr & Mo (to retard pearlite or bainite

Virtually generated microstructure &
formation), Si (to promote ferrite transformation), V and Nb (for precipitation strengthening and of dual-phase steel "

microstructure refinement).[2! The desire to produce high strength steels with formability greater
than microalloyed steel led the development of DPS in the 1970s. 114!

DPS have high ultimate tensile strength (UTS, enabled by the martensite) combined with low initial yielding stress (provided by the ferrite
phase), high early-stage strain hardening and macroscopically homogeneous plastic flow (enabled through the absence of Liiders
effects). These features render DPS ideal materials for automotive-related sheet forming operations.
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Optional

Micrﬂalloyed steel WIKIPEDIA

The Free Encyclopedia

From Wikipedia, the free encyclopedia

Microalloyed steel is a type of alloy steel that contains small amounts of alloying elements (0.05 to 0.15%), including
niobium, vanadium, titanium, molybdenum, zirconium, boron, and rare-earth metals. They are used to refine the grain
microstructure or facilitate precipitation hardening !

These steels lie. in terms of performance and cost, between carbon steel and low alloy steel. Yield strength is between 500
and 750 MPa (73,000 and 109.000 psi) without heat treatment. Weldability is good, and can even be improved by reducing
carbon content while maintaining strength. Fatigue life and wear resistance are superior to similar heat-treated steels. The
disadvantages are that ductility and toughness are not as good as quenched and tempered (Q&T) steels. They must also be
heated hot enough for all of the alloys to be in solution; after forming, the material must be quickly cooled to 340 to 600 °C
(1.004 to 1,112 °F).1%

Cold-worked microalloyed steels do not require as much cold working to achieve the same strength as other carbon steel; this
also leads to greater ductility. Hot-worked microalloyed steels can be used from the air-cooled state. If controlied cooling is
used, the material can produce mechanical properties similar to Q&T steels. Machinability is better than Q&T steels because
of their more uniform hardness and their ferrite-pearlite microstructure 3!

Because microalloyed steels are not quenched and tempered, they are not susceptible to guench cracking, nor do they need
to be straightened or stress relieved. However, because of this, they are through-hardened and do not have a sofier and
tougher core like quench and tempered steels !
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300M ALLOY STEEL (4340M)

Applications:

Ajrcraft Landing Gear
Ajrframe Parts

Miszile Components
Motors port Applic ations

Typical Chemical Properties

Minimum Froperties

Chemistry

Tensile Strength |, psi
Yield Strength, psi
Elongation
Rockwell Hardness
Carboni C)
Chrome (Cr)
Manganess (Mn)
Maolybdenum (Mo}
Nickel { Ni}
Phospharus (P)
Sulphur (5)

Silicon (Si)
Vanadiumi V)

Copper ( Cu)

O0M iz a vacuum melted low alloy steel with the inclusion of vanadium ard a higher silicon
omposition. It hes a very good fatigue strength and resilience. Where fracture foughness
impact strength-are crucial, 300M s a great choice.

www twmetals.com/300m-bar-rod-wire.htmi

280,000
230,000

7%

B 311 Max
38-42%
0.70-0.05%
0.60-.90%
0.30 - 50%
165-2.0%
P&ES-010%
PES-D0.10%
1.45-1.80%
005-010%

0.35%

Optional
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Stiffness
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Stiffness is the ability of a material to maintain its
shape when acted upon by a load. The concept of
stiffness in metals is usually approached through
Hooke’s Law, which is concerned with the
relationship between stress and strain (although
Hooke’s actual terms were load and extension).
When a metal is loaded, the stress—strain gurve is
at first approximately linear and its slope s a
measure of the stiffness of the metal. If the
loading is in tension or compression the value of
the slope is known as Young's modulus, or the
modulus of elasticity, denoted by E in the
engineering literature; when the loading is in
shear it is known as the modulus of rigidity, or
shear modulus, denoted by G. These two elastic
constants are related through Poisson’s ratio, v,
as follows:

G = (8.1)

Stiffness

Of course, the stress—strain relationship ot mate-
rials in general is not always linear, and then
stiffness must be measured by alternative para-
meters such as the tangent modulus or secant
modulus. This also applies to metals as they start
to enter the plastic range.
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The importance of stiffness

There are three reasons why stiffness is impor-
tant. One is cnncemeg with stable deflections,
another with absorption of energy and the third
with failure by instability.

2
£
&
P p
* ANEIAN
Strain
Figure 8.2 Stressstrain curves for two materials of . .
ditfering stiffness,
; /V
P P
(a) (b}

Figure 8.3 Some examples of failure by elastic instability.

(c)

//////////]///////A

Figure 8.1 A cantilever subjected to an end load.
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Aluminum 70
Copper 124
Brass 110-120
Steel, Cast iron 200-210
Titanium 115
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Stiffness Density
(GPa) (tonnes/m?)
E p
Concrete (in compression) 27.0 2.40
Oak: parallel to grain 9.5 0.60
HM Carbon fibres 400.0 1.95
Aluminium N8 alloy 70.0 2.70
Steel 207.0 7.80
Glass fibre-reinforced concrete 25.0 2.40
Glass fibre: 70% resin reinforced plastic mat 10.0 1.50
Glass fibre: 50% resin reinforced plastic cloth 14.0 1.70
Glass fibre 20% resin reinforced plastic undirectional 48.0 2.00
Nylon 33%g.f 3.5 1.20
Titanium 116.0 4.50
Unidirectional graphite-epoxy 137.0 1.50
45° cross-ply graphite-epoxy 15.0 1.50
Polypropylene 0.36 0.90
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Fatigue
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Fatigue

Fatigue is a dangerous form of fracture which
occurs in materials when they are subjected to
cyclic or otherwise fluctuating loads. It occurs by
the development and progressive growth of a
crack and the two characteristic and equally
unfortunate features of fatigue fracture are, first,
that it can occur at loads much lower than those
required to produce failure by static loading, and
second, that during the more or less lengthy
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period of time that is required for fracture to o
propagate to the point of final failure there may
be no obvious external indication that fracture is
OCCUITINg. Although fatigue failure is most familiar when

it occurs in metals, probably no material is
immune to this form of failure and other materi-
als in which it is known to occur include concrete
and polymers, and even living matter.
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Fatigue Failure

It has been recognized that a metal subjected to a repetitive or
fluctuating stress will fail at a stress much lower than that

required to cause failure on a single application of load.

Fatigue failure 1s characterized by three stages:

« Crack Initiation (nucleation)
+ Crack Propagation (growth)

< Final Fracture

Ken Youssefi; MAE dept., SJISU



Jack hammer component,
shows no yielding before
fracture.
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Ken Youssefi; MAE dept., SJSU

Final fracture zone
Propagation zone, beach marks




Ken Youssefi

Crank shaft
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Hawaii, Aloha Flight 243, 1988, a Boeing 737, an upper part of the plane's cabin
area rips off in mid-flight. Metal fatigue was the cause of the failure.

Injuries (non-fatal): 65

Fatalities: 1

Investigation by the United States
National Transportation Safety

. Board (NTSB) concluded that the
* accident was caused by metal
fatigue exacerbated by crevice
corrosion. The plane was 19 years
old and operated 1n a coastal
environment, with exposure to salt
and humidity
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Crack growth in smooth, hard specimens

In an unnotched low-strength material the
fatigue strength will increase with matrix
strength irrespective of whether the strengthen-
ing is achieved by cold working, alloying or heat
treatment. However, as the matrix becomes
progressively harder and Stage I nucleation
becomes correspondingly more difficult, the
stage is eventually reached when some addi-
tional factor must operate to bring about nuclea-
tion. This is available at the stress concentrations
;ﬂduced by second-phase particles. Thus, the

methods used to improve the fatigue resistan%\

of a high-strength material must be ditferent
from those applicable to a low-strength material
because in the former case the cyclic stress
required to initiate a crack will depend not on
the hardness of the matrix but on the size, shape
and distribution of non-metallic inclusions and
other second-phase particles. To improve the
fatigue performance of a high-strength material
it is necessary to make it cleaner. This ma
necessifate the use of expensive processes such
as electroslag refining for steels or the use of
higher-purity base material for aluminium
alloys.

Fatigue strength

Tensile strength
Figure 9.1 Relationship between fatigue strength and

tensile strength.

* Fatigue ratio, FR =

Fatigue strength

Tensile strength
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Crack growth in notched specimens

Whereas in unnotched specimens Stage I crack
growth may occupy 90% or more of the total
fatigue life, with Stage II growth taking up the
remaining 10%, in specimens containing stress
concentrations these figures can easily be
reversed, with Stage II growth accounting for

more than 90% of the total life. Since Stage Il
growth is much faster than Stage I growth this
means, unfortunately, that the total life is greatly
reduced. Thus, a high stress concentration in a
machine part can cause quite disastrous effects
on fatigue performance. Therefore, wherever
there are unavoidable features such as fillets,
changes in cross-section and engineering details
such as oil-holes, keyways and especially joints,
strenuous efforts must be made to minimize the
inevitable stress concentrations,
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Fatigue Failure — Some Type of Fluctuating Stresses
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The assessment of fatigue resistance

There are two distinct lines of approach. One
way is to use stress-life relationships, generally
known as S—N curves, in which § is the applied
stress and N is the total fatigue life measured in
cycles of stress. The other way is to use fracture
mechanics data to estimate rates of fatigue crack
propagation (FCP).

Stress

~ Fatique limit

T~~No fatigue limit

MNumber of cycles (log scale)

Figure 9.2 Typical stress-life (S—N) curves.
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Fatigue S-N Curve

]4 e ,| Test specimen geometry for R.R. Moore
| k rotating beam machine. The surface is
polished 1n the axial direction. A constant
bending load 1s applied.

94inR.

pure bending

Ken Youssefi; MAE dept., SISU

Rotating beam machine — applies fully reverse bending stress
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O The results of fatigue-crack initiation S-N Curves
tests are usually plotted as maximum
stress, minimum stress or stress

amplitude (S) to number of cycles to Fig. 2 Typical 5-N curves for
. . . constant amplitude and sinusoidal
failure (N), using a logarithmic scale for loading
the number of cycles.
1100
| |
0 The number of cycles of stress that a (66 9340 stes] 3150
metal can endure before failure increases b T‘Qb}h 48 HRC
) . hed) _]
with decreasing stress. s | {“m""m“ 315 5
T | T .. h—tr-— 7]
% 800 l:F:.-ltigue limit 5, | > =
- — 2
O For some engineering materials, such as 5 100 2340 steol 10 &
steel and titanium, the S-N curve 2 600 48 HRC — =
becomes horizontal at a certain limiting ;3 500 % 5 5
stress. £ 400 Fatigue limit, S, r uEu
o | | | s 4
. . ey @ i i L
0 Below this limiting stress, known as the 2 300 A'“”;g;.‘;";sa"“*— b=
. . . v :
fatigue limit or endurance limit, the 200 1 25
material can endure an infinite number of 100 : f R
. . t tio (R) = —1
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Fig. 3 The relation between fatigue strength and tensile strength of polished, notched specimens and of 79
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58 Practical Plant Failure Analysis
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o High cycle fatigue
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Life to failure, N (stress cycles)

FIGURE 5.1 An 5/N chart showing the ranges for low and high cycle fatigue failures. (VLCF would be off
the left side of the chart.)
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Fig. 21 Effect of stress raisers on stress concentration and distribution of
stress at several changes of form in components

See text for discussion.
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Fatigue-Crack
Propagation

In large structural components, the existence
of a crack does not necessarily imply imminent

failure of the part. Significant structural life
may remain in the cyclic growth of the crack to
a size at which a critical failure occurs. The
objective of fatigue-crack propagation tl::-zting is
to determine the rates at which subcritical
cracks grow under cyclic loadings before reach-
ing a size that is critical for fracture. For an
in-depth discussion, see the article *‘Fatigue
Crack Propagation’ in Volume 8 of the 9th
Edition of Metals Handbook.

The growth or extension of a fatigue crack
under cyclic loading is principally controlled by
maximum load and stress ratio. However, as
crack initiation, a number of [additional facln%
may exert a strong influence, including envi-
ronment, frequency, temperature, grain direc-
tion, and other microstructural factors. Fatigue-
crack propagation testing usually involves
constant-load-amplitude cycling of notched
specimens that have been precracked in fatigue.
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Crack length is measured as a function of
elapsed cycles, and these data are subjected to
numerical analysis to establish the rate of crack
gmwth,‘ Methods for numerically deter-
mining the crack-growth rate can be found in the
article “*Fatigue Data Analysis™" in Volume 8 of
the 9th Edition of Metals Handbook.

Crack-growth rates are expressed as a func-
tion of —the crack-tip stress-intensity factor
I'he stress-intensity factor is calcu-
lated from expressions based on linear elastic
stress analysis and 1s a function of crack size,
load range, and cracked specimen geometry.
Detailed information on the expressions used to
define stress intensity from stress field analysis
i1s provided in the article **Fracture Mechanics™’
in Volume 8 of the 9th Edition of Metals
Handbook. Fatigue-crack growth data are typ-
ically presented in a log-log plot of da/dN
versus AK (Fig. 4).

Fig. 4 Fatigue-crack propagation
rate data for aluminum alloy
7075-T6

R<0

AK, ksivin.

da/dN, mm/cycle
da/dN, in./cycle

i 10 20 30 40
AK, MPav'm

_ R Qm %. *
K= aoymc 6 o r° g3



* Log-log plot of da/dN versus
AK has a sigmoidal shape that
can be divided into three
regions.

* Region I 1s the near threshold
region and indicates a threshold
value AK,, , below which there
1s no crack growth.

— Thas threshold occurs at crack
growth rates on the order of
1x10-1° m/cycle (~4 x 10~
mn./cycle) or less.

— Microstructure, mean stress, and

environment mainly control
region I crack growth.

wTQ[F[)(} Ali Fatemi - University of Toledo All Rights Reserved Chapter 6-LEFM & Crack Growth Approach
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* Region II shows essentially a linear
relationship between log da/dN and log
AK, first suggested by Paris

= A(AK)"
dN

— n1s the slope of the curve

— A 1s the coefficient found by extending
the straight line to AK = 1 MPavm (or
1 ks1vin.).

— Region II (Paris region) corresponds to
stable macroscopic crack growth.
Microstructure and mean stress have
less influence on fatigue crack growth
behavior 1n region II than in region L.

Crack growth rate da/dN log scale

FATIGUE CRACK GROWTH, da/dN-AK

~K¢ or
instability

"

da _ ”
IN :A(ﬂ.ﬁ']

for Iine#lr portion

—— -

AK,,

Region | | Region 1) Region |11
: Cam

Stress intensity factor range, AK
log scale
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FATIGUE CRACK GROWTH, da/dN-AK

~Ke or
o In region III L
— the fatigue crack growth

rates are very high as they 3 ;
approach instability 8 , |
Z I :
— little fatigue crack growth 3 : |
life 1s mvolved. = E i

— this region is controlled 3 : ,ﬂ-ﬁ;l’:’;f:;n
primarily by fracture g i
toughness K_or K, . AKp

*Hegion L _'Hegion 11_3: » Region 111 g

Stress intensity factor range, AK
log scale

WTO[FDO Ali Fatemi - University of Toledo All Rights Reserved Chapter 6-LEFM & Crack Growth Approach




! FATIGUE CRACK GROWTH, da/dN-AK

« For a given material the fatigue crack growth behavior
shown 1n Fig. 6.12 1s essentially the same for different
specimens or components.

« This allows fatigue crack growth rate versus AK data
obtained under constant amplitude conditions with simple
specimen configurations to be used 1n design situations.

ASanda —— AK —— da/dN —— }\Gp

« In many cases, mtegration of Paris by extrapolating to both
regions I and III may be satisfactory as it often gives
conservative fatigue crack growth life values.

WTQ[FD{} Ali Fatemi - University of Toledo All Rights Reserved Chapter 6-LEFM & Crack Growth Approach
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Creep and Temperature Resistance
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Creep and temperature resistance

Creep is deformation that occurs over a period of
time. Under certain conditions it will, if allowed
to do so, culminate in fracture. Generally, creep is
the result of an externally applied load but can
also occur as the result of self-weight. Lead sheet,
when used on an inclined roof or vertical face,
will, after a period of years, be thicker at the
bottom than it is at the top; not necessarily a
serious matter.

After extensive creep, however, the lead will
often exhibit cracks, which 1s more serious.
There are thus two aspects to the creep phe-
nomenon, one being concerned with deforma-
tion; the other with fracture or creep rupture. A
typical deformation-limited situation is that of a
blade in a steam turbine which must not
lengthen in service to the point at which it fouls

» Creep, by definition, 1s tim

C-

dependent strain occurring,

under stress.

» After a period of time, creep
deformation may terminate in

fracture by stress rupture (also

called creep rupture).

the casing. | ~ "¢ Temperature, Stress
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Fig. 44 Creep damage (bowing)
resulting from overheating in a
cobalt-base alloy turbine vane

Fig. 47 Cracking due to creep in a
cast nickel-base alloy turbine
blade

1.5%
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Fracture Effect of Temperature & Stress

High temperature
or high stress

Strain

Medium
[emperature or
medium stress

Secondary creep

Primary
creep

Instantaneous I

Strain

extension Low temperature
Time or low stress
Figure 10.1 Conventional creep curve, showing the
stages of creep.
Time
The strain rate during the steady-state regime
is often described as follows: 185 MPa
(26.9 ksi)
108 MPa
: ) -Q . e 151 b biss MPa 7 (167 ksi
€ = Ad” exp E =& min § (22.4 ksi)
g 10F 77 MPa
. : . : 11 ksi
where ¢ is stress, T is temperature (°K), A is a E | j}
constant, n is the stress exponent, and Q is the & 05 /

activation energy for creep (J/mole). These are : , , : , |
material constants which must be determined Uu 5000 10000 15000 20000 25000 30000
experimentally; n typically takes a wvalue
between 3 and 8, but may be higher.

Hours
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Stress Rupture Curve

For design purposes, however, it is not neces-
sary to refer to the complete creep curve and
there are various ways of providing the neces-
sary information (Figure 10.3ab). In general,
there is more information available relating to
creep rupture than to creep strain. Just as in

short-term testing it is easier to determine tensile
strength rather than a proof stress, so in creep
testing it is much easier to test for rupture than

for a given strain. The standard creep-rupture
test is carried out at constant stress and tem-
perature, and measures the time to rupture with
no account being taken of deformation, except
for total elongation of the fractured test piece to
provide a criterion for rupture ductility. This
information can be useful for quality control and

the comparison of materials. For many design
purposes, however, it is inadequate and the data
for materials are often incomplete. This is the

98

1000
Nimonic 90
rupture - 100
500 |-
\ -150
\ 'h-‘ ?mac
% \ c\ "\-\‘ (1292°F) g
‘ ™S 750°C g
§ 100 |- \. (1382°F) &
\ - 10
- \aoo C
%0 (1472°F)
900°Cc © \
(1652°F) WY ‘850°C (1562°F)
20 ] | |
10 100 1000 10000 100000
Time, hours
T
Stress, G m
orlog ¢ \2\

I3>Tr > T1
\3\\ Change in
failure
\ mechanism

Time to failure, t¢ or log tp

Stress rupture plots for various temperatures



One of the oldest ideas is that creep rupture
data are linear when the temperature of test is
plotted against the logarithm of time to rupture,

Larson and Miller” on the other hand, taking as

their starting point the Arrhenius relationship

cle -
= Aexp ( Q)
dt RT
in which Q) is the creep activation energy and R
the universal gas constant, proposed that plots at

constant stress of 1/T against log f, would
intersect at a single pmnt havmg the caordmates
lation parameter is

given by LMCP T(C + logyot,).
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Figure 10.7 Correlation curve for creep rupture of
Nimonic 90 using the Larson-Miller correlation
parameter.

Originally, Larson and Miller proposed that
the value of C in their parameter should be 20 for
all materials (f is then in hours). However it is
found that in practice C can vary from 17 to 23,
but nevertheless the correlation parameter T(20
+ log f) is commonly used as a basis for
comparisons within collections of widely dis-
parate materials (Figure 10.9). Such comparisons
are useful, if of limited accuracy.



Originally, Larson and Miller proposed that
the value of C in their parameter should be 20 for
all materials (f is then in hours). However it is
found that in practice C can vary from 17 to 23,
but nevertheless the correlation parameter T(20
+ log ) is commonly used as a basis for
comparisons within collections of widely dis-
parate materials (Figure 10.9). Such comparisons
are useful, if of limited accuracy.

T(log l; +C ) == M

Material Larson-Miller C

Various steels and stainless steels ~20
Pure aluminum and dilute alloys —

S-590 alloy (Fe base) |7
A-286 stainless steel 20
Nimonic 81 A (Ni base) |18
|96 Cr—1% Mo-0.25%V steel 22

S
S

Stress, MPa
8 88 388

10 '

5 10

15 20
T(20 +log 1)10~3

Figure 10.9 Creep resistance of various materials using the Larson-Miller
correlation parameler. (Data by courtesy of Wiggin Alloys Ltd. (nickel
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Standard Grade Chemical composition

C Si Mn P S Cr

SA335 P12 0.50-1.0 0.30- =0.030 <0.030

0.60

0.05-
0.15

Mo
1.00-1.50 0.50-1.00

YU oo yud yy g (o955 Hob
Alloy Steel SA 335

CAliso (slalos yuSA 335 P12 GLUT idi 55 cleadido

2@ Cipooon | Grooonon | Sao0000r | Bloveoso
CC)Y |(MPa) | (MPa) (MPa)|(MPa)
489 268 137 126.5 93
. 492 248 133.6 123 87
T(logt +C)=m
SH/HT gpme o6 - Gl byoys L /i’
6/(%:‘) LMP el e
' (=45 MPa) coli s S o
6500 3F2 7“(5? ' L4577 =3 40000 “L?)é,,; )"-’-9-0 “ L°'7 gu‘ii:
% e 5C yaxlad poc LYY o S
6500 37:2X10 [ L £ 1/‘ =) 8000 ~ /672 Ll 00l gals
3 20;[0
6600 37_2)([0 I/ -j-!/f‘fﬁl_gfaoﬁ/qs
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The development of creep-resisting alloys

» Melting point
» Crystal (lattice) structure
» Solid solution strengthening

» Cold work

» Precipitation and dispersion-hardening
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that the first requirement of a creep-resisting
alloy is a high melting point. In agreement with
this, experience shows that, in any alloy, it is
difficult to produce useful mechanical properties
at temperatures higher than @ for that
material and sometimes the actual achievement
is much less (see Table 10.1).

Creep and temperature resistance

TABLE 10.1.

Metal Melting point Potential operating T/T.. actually achieved
temperature, 2/3 1,
“C K
QH: Ui
Al 660 933 620 350 0.56 (RR58 at 250°C)
Cu 1083 1356 200 630
Ni 1453 1726 1150 880 0.74 {Nimonic 115 at ¥80°C)
Fe 1536 1809 1200 930 0.47 {(ferritic steel at 575°C)
0.57 (austenitic steel at 750°C)

Ti 1668 1941 1290 1020 ~0.4
Zr 1852 2125 1420 1150
Cr 1500 2173 1450 1180 0.6 could be achieved it Cr could be

made sufficiently ductile
Hf 2222 2495 1640 1370
Nb 2468 2741 1830 1550 0.54 could be achieved if a satisfactory

coating could be found
Mo 2620 2893 1923 1650
Ta 2996 3269 2180 1910
W 3380 3653 2433 2160

0.76 [electric light filament ot 2500°C) 103




the nickel is added sufficient chromium to
provide oxidation resistance without destroying
the face-centred-cubic structure. The first alloy
was Nimonic 75, essentially 80/20 Ni/Cr with

additions of titanium and carbon for precipita-
tion hardening.

C Cr T1i NI

Mimonic 75 .12 20.0 04 bal

It was then found that a more effective precipita-
tion hardening agent was one based on the FCC
phase NizAl, in which titanium can replace some
of the aluminium to give Niy(Ti,Al), termed
gamma-prime, y'. The first of the turbine blade
materials to be strengthened with +' was
Nimonic 80.

C O Ti Al NI Zr B
Nimonic 80A 005 200 23 1.3 bal 005 0.003

Further improvements were then made by
adding cobalt to lower the stacking fault energy
of the nickel. The cobalt also provided solid

Optional

solution strengthening and additions of molyb-
denum were made for the same purpose.

C Cr Co Mo Ti Al Ni Zr B
Nimonic 115 016 150 150 35 40 50 bal. 004 0014

Precipitates at the grain boundaries are impor-
tant in controlling creep rupture ductility and
impact resistance. If no carbides are present, grain
boundary sliding causes premature failure. On
the other hand, continuous films provide easy
paths for impact failure. The optimum conditions
are provided by discrete globular particles.
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Optional

. Mag= 500TKX EWT = 10.00 kV
2 HAYNES B O mens Aetwrerceag=ipiey 200mm Wo= §mm
L , Filo Nawme = Photo 1124 jpg I_:M:WFMEWI
Fig. 4 Gamma-prime phase distribution in 282 alloy
TableI Nomunal Composition of Several Wrought Ganuma-Prime Alloys (wt.%)
Allov M | Cr Co Mo Ti Al Fe Mn Si C B Other
282 S| 20 10 8.5 2.1 1.5 i 0.3* 0.15* 0.06 0.0035 —
Waspaloy 58 19 13.5 43 3 1.5 X* 0.1* 0.15* 0.08 0.006 Zr-0.05
E-41 52 19 11 10 3.1 15 3 0.1* 0.5* 0.00 0.006 —
263 52 | 20 20 6 24% 0.6* 0.7* 0.4 0.2 0.06 0.0035 Al+-Ti-2.6
*As Balance *Maximum




The service temperatures of engineering materials

From the previous section it is clear that
although temperature does not alone control
creep behaviour it is the most important single
factor. It is therefore useful to relate the more
important materials to the temperature ranges in
which they might be expected to give useful
service. The temperatures of interest to the
materials engineer range from cryogenic regions,
say -200°C (-328°F), up to the operating tem-
perature of a tungsten-filament lamp, say 2000°C
(3630°F). For present purposes we need only
consider the range from room temperature
upwards.

¢ Room temperature to 150 °C
% 150-400 °C

% 400-600 °C

“* 575-650 °C

% 650-1000 °C

1000 °C and above
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150-400 °C
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400-600 °C
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In the gas turbine field'® heat-treatable mar-
tensite stainless steels with ~13% chromium
have been wused in the range 400-500°C
(750-930°F) for discs and blades. These steels
have a family relationship with modifications to
the composition ot BS 970 410 (UNS 541000} to

maximize specific properties as required, e.g.

and may be increased for better corrosion
resistance, inrreased®f r improved strength
and hardness, increased nd for machin-

ability, C decreased for improved toughness, Mo,
V., W added for strength and toughness at
elevated temperature. Within this family come a
large number of proprietary steels as instanced
by the historic Firth Vickers grades (FV) (see
Table 10.4).

TABLE 10.4.

C Cr Ni Mo Nb v
FV448 0.10 11.00 0.75 0.70 0.40 0.15 0.05M
FW535 0.07 10.50 0.30 0.70 0.45 0.20 4.00Co
S62 0.25 13.50 0.40 . - - .
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575-650 °C
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TABLE 10.5.

C Si Mn Ni Cr Mo Others
304 0.06 0.20-1.00 0.50-2.00 20-11.0 17.5-19.0 - -
304(ELC) 0.03 0.20-1.00 0.50-2.00 90-12.0 17.5-19.0 - -
321 0.08 0.20-1.00 0.50-2.00 2.0-12.0 17.0-19.0 - -
316 0.07 0.20-1.00 0.50-2.00 10.0-13.0 14.5-18.5 2.25-3.0 Ti 5X C-0.70
347 0.08 0.20-1.00 0.50-2.00 90-12.0 17.0-19.0 - MNb 10X C-1.00
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650-1000°C {1200-1830°F)

Three main groups of alloys are available for use
in this temperature range: (1) the austenitic
stainless steels; (2) the alloys based on the
nickel-chromium and nickel-chromium-iron
systems; and (3) the cobalt-based alloys.
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TABLE 10.9. (206 MPa 5 g ol ,Xuilw a5 ;0982 °C o) b3s jld,y o Ko, JLslu iy, 5l

Life Elengation Min. creep rafe
(hours) (%) per hour
Conventionally-cast, equiaxed 35.6 2.6 23.8 % 107
Directionally solidified, polycrystalline 67.0 236 256 % 107°
Directionally solidified, single crystal 107.0 236 16.1 % 107
TABLE 10.10. (Omr98 Sz 9 ygm oS wiile) Ni-Fe ayly slasLd]
C Cr Al Ti Mo Fe B
Incoloy 901 0.05 12.5 0.25 2.8 6.0 425 0.015
0.9

Inconel 718 0.04 18.4 0.40 3.1 18.5 -
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Coatings

In the main, the discussion here of materials
usage in the context of service temperature has
been concerned with bulk properties. As tem-
perature rises, and surface attack thmugh mix-
tures of erosion and corrosion/oxidation
becomes significant, there is an increasing
requirement for the provision of protective sur-
face coatings suchCas zirconia> These not only
provide specific surface properties in relation to
attack, but also introduce a thermal barrier. Such
coatings are routinely employed on first stage
and some second stage turbine aerofoil compo-
nents in aero, marine and industrial gas turbines.
Mickel-based materials are frequently used as a
bond coat onto superalloy components, allowing
an outer thermal barrier coating @f cerami

There is also much interest in the use of the
Cntermetallip compounds, NiAl Ni;Al and TiAl,

for use as coatings at temperatures greater than
1000°C.
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1000°C (1830°F) and above

For stressed applications at temperatures above
10007C it is necessary to look towards (1) the
refractory metals, (2) ceramics and, possibly, (3)
m-sifu composites.

The refractory metals

All of the refractory metals, tungsten, tantalum,
niobium and molybdenum are available as com-
mercial materials. Tungsten is used universally
tor electric lamp filaments, and molybdenum is

used for radiation shielding of high-temperature
ornace
I |- protected environments these

materials can be used at temperatures in excess
of 1500°C (2730°F).

Sled U & g0 (ol o g digd jidgy b aS wiylo yawlows| s 5la8 5o olge
25,0 0 0,15 cldbB 1 o Kzl a0 VO + dg0>

2yl 6, ile — A3ylo | el g oy glaanl b JSKide lo Salyos o
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Ceramics

Although the term ceramic must cover materials
used for furnace linings, pottery, tiles, etc,
engineering interest centres on the more spe-
cialized materials known as engineering cera-
mics. These consist of sintered oxides of alumin-
ium, magnesium, beryllium, zirconium, thorium
and certain borides, carbides, nitrides and sili-
cides. They are generally polycrystalline, con-
taining little or no glass phase, and their creep
behaviour can be described in terms similar to
those that apply to metals. Many ceramics
possess high strength at temperatures higher
than can be sustained by metals (they can be
used under stress up to, or above, 1400°C
(2550°F) but, like metals, they are not trouble-
free. Carbides and borides tend to oxidize
rapidly at temperatures above 1000°C (1830°F).
All ceramics are hard and brittle and vulnerable
to thermal shock,

5 oy sl ko B Kool pus
JJ)'Q ‘) o bw

53 sl (55 Ceniblo

. . o 2o S
J)J 9 u.g.lg. Mb *%*

The most promising ceramics for advanced
engineering use are probably silicon carbide,
sialon, and silicon nitride. The latter material,
having a density of only 3Mg/m® and being
resistant to oxidation, is a candidate for service
temperatures of 1200°C in gas turbines.”’

116



Selection for Corrosion Resistance
S 0397 & Cwglio o b dlgo ool
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TABLE 11.1. Galvanic series for metals and
alloys in sea water?

Noble
Titanium

Monel (67% Ni, 30% Cu, 1.2% Mn, 1.2% Fe) plus C, Si.

Passive stainless steel (18% Cr, 8% Ni) - covered with
oxide film

Silver

Inconel (80% Ni, 13% Cr, 6.5% Fe)

Nickel

Copper

a-brass {70% Cu, 30% Zn)

o/ B brass [Muntz metal 60% Cu, 40% Zn)

Tin

Lead

Active stainless steel [18% Cr, 8% Ni) — oxide film

destroyed

Cast iron
Mild steel
Aluminium
Zinc
Magnesium
Base

MNaote: This table does not show the metals in guite the same
order as one for the standard elecirode potential against a
reference electrode. This is because of the nature of the oxide
film, as shown by the two positions given for stainless steel.

In the case of two dissimilar
metals joined together we speak of
a bimetallic couple and the
polarities of the two members of
the cell are usefully indicated by

their position in the galvanic series
(Table 11.1).

For metals that are far apart in the
series 1t may be expected that

base reactive member of the couple
will corrode
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The selection of materials for (resistance to):

» Atmospheric corrosion

» Oxidation at elevated temperatures
» Corrosion in the soil

» Corrosion in water

» Corrosion in chemical plant
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11.3 The selection of materials for
resistance to atmospheric corrosion

The most significant factor controlling the proba-
bility of corrosive attack is whether or not an
agueous electrolyte is likely to be provided by
condensation of moisture under prevailing cli-
matic conditions. Clearly, hot, dry or cold, icy
conditions give less attack than wet, as does a
clean atmosphere as compared to the industrial
or marine atmospheres containing sulphur diox-
ide and salt respectively. Even within given
areas, differing microclimates can exist as a
function of direction of exposure to sun, wind
and polluting sources. In the case of sulphurous
acid attack the effect is more noticeable in the
winter, when more fuel i1s burned and conditions
are generally wet.

shol Jolge

Shaoil 53 09290 Cugh, iy
S92 g0 slajl5 olyee

Lo ®

o dxdad Goe U o)lge b 0 a5 005
0d 5 s il5 (gb e slo Lo Yearo ™

|, 53,55 Vb sles 3 CO, 4 SO, wiils

s g asle L Jl Ve sgue U Sz Slingy slo lasee o (Zn anigr) 055lgJl5 glaoYges ®
2,10 (58 il yar yae (CO, 550, g9l>) sk ye sixio slo Lo

Sl 015 Sl 5 il (T8 155 (sl Ll i) o

120
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= Phosphorus, silicon and chromium present in carbon and low-alloy steels

are also considered to improve corrosion resistance, particularly in
combination with copper.
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11.4 The selection of materials for
resistance to oxidation at elevated
temperatures

Whilst traditionally corrosion has been treated
on a ‘wet” and ‘dry’ basis, ‘dry’ oxidation
corrosion can be considered as an electrolytic
process of an interfacial anode/cathode type (see
p. 146). Since the corrosion rate is governed by
the transport of ions and electrons through the
produced film, equatable to a current, it is clear
that the oxidation rate will be low where the
oxide film has a high electrical resistance and
where it is not prone to mechanical rupture.

81~

Oxidation rate of alloy
Oxidation rate of iron
5|~

3|~

L1 1 | A |
Fe 2 4 6 8 10 12 14 16 18 20 22
% alloy addition

Figure 11.6 Effect of silicon, aluminium and chromium
on the oxidation rate of iron at 900-1100°C. (Shreir!,
after Kubaschewski and Hopkins®)
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11.5 The selection of materials for
resistance to corrosion in the soil

The aggressiveness of soils can vary substan-
tially. First, the texture of the soil governs the
access of the air necessary for the corrosive

process and, second, the presence of water is
required for the ionization of the mineral in the
soil and the oxidation product at the metal
surface. The amount of water present can, of
course, also affect the awvailability of oxygen.
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11.6 The selection of materials for
resistance to corrosion in water

The corrosion of materials in water depends, of
course, on the substances that are dissolved, or
suspended, in it and also upon its temperature.
Dissolved oxygen is most important since in
neutral solutions it must be reduced at the
cathode for the corrosion reaction to proceed,
and it also accounts for the development of
passivating oxide films, where these can be
produced. Since oxygen enters the system by
dissolution from the air, its concentration in large
masses of water can vary appreciably both in
terms of flow and depth.

Carbon dioxide dissolved in natural water is
usually associated with caldum carbonate or
bicarbonate. Where the dissolved carbon dioxide
is not high enough to maintain the bicarbonate
state in solution, the change in pH at cathodic
areas will cause the carbonate to precipitate on to
the metal surface and if the ‘fur’ so produced is
adherent, further corrosion will be restricted.
‘Soft” waters, usually derived from upland open
reservoirs of low carbonate content, are therefore
more aggressive, particularly since they often
contain organic acids deriving from moss and
peat which give a low pH.

Other dissolved salts can, of course, have very
important effects, and this is particularly sig-
nificant in the case of sea water, where the

chloride ions present decrease the electrical
resistivity of the water, so that corrosion currents

will be larger. As discussed in relation to passiva-
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Aluminium

Aluminium and its alloys do not corrode in pure
water, although they may stain somewhat in
natural fresh water, and only those containing

copper as a major alloying element will corrode
significantly in normal sea water. For freedom
from localized pitting associated with the most
aggressive sea water conditions (pollutants, etc.)
the Al-Mg alloys ofter the best choice.
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Copper and copper alloys . . .
PP PP 4 e 2 g (2b,y0 Blas slp R e ®

These have a traditional and extensive use in the AR - |&] . :
S (FUVERIEN VOV L w1 IR RS0
handling of natural waters. Copper is widely 95 ol & J =9

used for distributing cold and hot water both in &S Zawl el pleisle 2l sle
domestic installations and industrial plant, and a | Legee olul o .cllls salegs oYL e
wide range of copper-based alloys are employed 3 s ol i) s g oYed

for such items as tubes for condensers in power s ’ .
stations and desalination plant, and for pro- SIS e o) 998 (o0 ooliinl Lo oy

pellers, valves, pumps, efc. (ol oY g9

The inclusion of aluminium in brasses for sea
water service (e.g. 76% Cu, 22% £n, %ﬁl,ﬂﬂi% & Coglin s A Canad yusd 6L‘°3’L¢ﬂ ST
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vious by the incorporation of alumina. Cupro- Admiralty Brass St L olls s
nickels and tin bronzes both have generally good y P SRRy

resistance to impingement attack and the former 43l Olye 4 oS (70Cu-29Zn-1Sn)
are widely used in aggressive conditions at high D10 0,5 1o guslass
water velocities.
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Nickel

Nickel and nickel alloys are generally resistant to
corrosion in fresh water, except under conditions
of high acidity and stagnant conditions where
the passive oxide film cannot be maintained. The
same principle applies in sea water, attack being
low (~0.01 mm/y) in neutral chloride-containing
environments where the oxygen supply is ade-
quate through active flow conditions in relation
to the metal surface. Widely used alloys for
marine service are the nickel-copper series
(Monel) and nickel-chromium. Both have the
particular advantage for pumps, valves, etc. in
sea water that the passive film is tough and
resists turbulent, high-velocity flow conditions,
ie. they are resistant to impingement and ero-
sion attack.
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11.7 The selection of materials for
chemical plant
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TABLE 11.2. Andlysis of selected number of TABLE 11.3 Cause of corrosion related failure in
failures in petroleum related industries {Kermani'4)  pefroleum related industries (Kermani'“)
Type of failure Frequency (%)  Type of failure Frequency (%)
Corrosion (all types) 33 Efsz TFI-'ﬂtLEj :123
Fatigue 18 Preferrir?ﬁul weld 18
Mechanical damage/overload 14 Pitti 12
Brittle fracture 9 Emern corrosion 9
Fabrication defects ? Galvanic 6
{ex:ludin?;elding defects) Cravios 3
Welding detects 7 Impingement 3
Others 10 Stress corrosion 3
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' gl i il ) oS claoYed sl als
b o glass-lined, plastics-lined, rubber-lined

Figure 11.9 Dia m valves for varying service:
(a) stainless steel; [rl;:;ggiuss-lined; (c) ;K:?r?cs-linad;
(d) rubber-lined; (e} butterfly type. (By courtesy of
Saunders Valve Co. Ltd.) 135
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