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A4wi Fe 17789 unit cell ¥7 0.287 am
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BCC FCC HCP
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fatae laneiiil lareafwuanuuy BCC

Lattice Atomie

constant radius
Metal a, nm R* nm
Chromium 0.289 0.128
Iron 0.287 0.124
Molybdenum 0315 0136
Potassium 0.533 0.231
Sodium 0429 0.186
Tantalum 0.330 0143
Tungsten 0316 0.137
Vanadium 0.304 0132

FCC
+ Face Centered Cubic
(FCC)
Urznaufan

5 i
. 1/2 g93pspainua 6 Gni
Wiumiineed unit cell
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+ 1/8 gowmznaninucu 8 Sninu
v
WUURT9N unit cell
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fatag lansill laTediauanuuy FCC

Lattice Atomic

constant radius

Metal a, nm R* nm
Aluminum 0.405 0.143
Copper 0.3615 0.128
Gold 0.408 0.144
Lead 0.495 0175
Nickel 0.352 0425
Platinum 0.393 0.139
Silver 0.409 0.144
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HCP

a ] Jd v =
fataa lansill lareafwudnuuy HCP

Lattice
constants, nm

= Atomic % deviation
Metal a L] radius R, nm e/a ratio from Ideallty
Codmium 02973 05618 0149 1.850 +187
Zinc 02645 04947 0133 1.856 +136
Ideal HCP 1433 0
Magnesium 03209 05209 0.160 1623 068
Cabalt 02507 04069 0125 1.623 =068
Zirconium 03231 05148 0160 1.593 -245
Titonium 02950 04683 04147 1.587 =281
Beryliium 02286 03584 0.113 1.568 -398
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Mechanical Properties of Metals

AMMULIWIIAY (Tensile Strength)
+ MU (Hardness)

+ AN (Fatigue)

« ARy (Creep)

« AMIAAUIULIINTN (Impact resistance)

AMLAWIAY (Tensile Strength)

Tension Test

Tensile specimen
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Strain

Offset yield
strength

Suress g, 1000 psi

Stainleas steel sheet 17-71H

a [ 0.08 ouz 018 020 024




l Tensile Strength (Ultimate Tensile Stress) (s)
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Modulus of Elasticity (E)

i.e. Carbon Steel = 207 GPa
Al alloys = 72 GPa

Resilience (UR)

TR
Wui lanrian Elasticl

1
UR=Ese

Toughness (U,)

Tz —v
U, = wuvlrlnnﬁwmuun’ .

Ur=s.e,

Uy
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Stress (107 psi)

a) Modulus of Elasticity
E = slope Tusn elastic

10? psi
a0
200 301 f,’ ‘ 0.0016-0
20 j’ 250‘{,:;;(; — =93.8GPa
100 - ,"
| 10 I,‘
ol ol ||’J I |
0 0.005




b) Yield Strength at a strain offset 0.002

10° psi
MPa 40"

7=
et TN

Yield st h =
i /250,;,,;“"9‘ S, = 250 MPa

100 -

0 0.005

c) Maximum load for cylindrical rod with
D= 12.8 mm

i 3 NN
" UTS = 450 MPa
F
§=—
AO
F =54,
el
=(450x10ﬁ%][—12-8"210 ”’] %
m
=57,900N

Maximum load for cylindrical rod
(with = 12.8 mm) = 58 kN




d) The change in length of a specimen with

L, = 250 mm that is subjected to a tensile stress

of 345 MPa
oo . - - o Strain at
345 MPa = 0.06
Al =el,
=(0.06)(250mm)
=15mm

AIALEY (Hardness)

i auieani 3 drson
1.Scratch hardness

2.Indentation hardness

*nrinraeees lavedou Ingiiu

indentation hardness

3.Dynamic or Rebound hardness

Moh's Hardness
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Talc
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Dynamic Hardness
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Indentation Hardness

nannaz
45 v N s A
WinTaRINAARILLTY 'mqmﬂﬂun’m:anﬂunnw'lwm'nm;mumnﬂ

Urzinmaed indentation hardness

« Brinell Hardness

+ Vicker Hardness

« Rockwell Hardness

Brinell Hardness

Load/surface area of indentation

BHN

- R
n(D/2)(D-VD2-d?) =Dt

.
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Vickers Hardness

VHN = Load/surface area of indentation

= 2Psin (8/2) = 1.854P
L2 L2
a
199 batwesn
posdenand
diamond
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8 e /1350

497989 Vickers hardness
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Rockwell Hardness

100 division
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Microhardness

KHN = Load/unrecovered projected area
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Tension +
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Ol
L-?
o
q
i

Cycles —»= | Cycles —=
la) (8)

= Compression
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Stress
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(e)

Stress concentration
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nalneee fatigue
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Fatigue Crack Initiation
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S-N curve

v . - 4 3

di1 ltnaninguen lansumndani cyclic stress UMM
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o .
fiunivann fatigue

+ UM cyclic stress
- Arwngarzanddn laus
- Residual stress unznirquuii

. Fahudoulude Ton:

WM cyclic stress

+ Cyclic stress| == |fatigue life

+ Cyclic stress l — ]fatigue life

mmv:usmmﬁ'}

Table 12-3 Fatigue life of SAE 3130 steel specimens tested
under completely reversed stress at 655 MPat

Median fatigue life,

Type of finish Surface roughness, ym cycles

Lathe-formed 267 24,000
Partly hand-polished 015 91,000
Hand-polished 0.13 137,000
Ground 0.18 217,000
Ground and polished 005 234,000
Superfinished 0.18 212,000

t P.G. Fluck, Am. Soc. Test. Mater. Proc., vol. 51, pp. 584-592, 1951.

! - -
[wuuatmu | w— | fatigue life
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PR (Creep)

" 3 5 B
« (hlrngnnrelinin T lansdamnefiupnumauiininin

z I J W 4 -
ultimate tensile strength Lutﬂnu:'lmuumqmuqu

@ (50.5 T,) Whumuw
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Ldu\mﬂn'nuﬂu 1 gas turbine blade W

Creep Wiponilu 3 79

- Primary creep

- Secondary creep

- Tertiary creep
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Creep curve

Primary creep Secondory creep Tertiory creep

e—1

Stroin €

B
1

I 1 I Frocture

mrwiulusn secondary creep = creep rate

Time ¢

Strain

Time, hr —=

stress |—.creep rate |

Tl— creep ratel
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(Impact resistance)

More
dactis I FCC metals

Low-strength BCC metals,
e.g. low-carbon steels;
thermoplastics

Energy absorbed ————s

brittle

More l -strength alloys

Temperature =g

22



"Transition Temperature"
- 4
fin quugllinia T lanztauuduianinden ldualine

v . v d ~t - 1o
tlawegmia Il fewiquugiifnndy transition temp v:Fumsanraumlflif

wiln (ductile) —

wiz (brittle)

|

upnuIATD

\in plastic deformation
uRniYLTNE

iiifin plastic

deformation

Absorbed energy (kJ)

| " Transition temperature" | T(K)

Case Study: Titanic Tragedy
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Impact Energy vs. Temperature
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Definition

Phase : "a physically homogeneous and
distinct portion of a material
system"”
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Liquid Solution
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1 phase 2 Phases 2 phases

Complete soluble Partial soluble Complete Insoluble




A W
e lamzunnnanwilesiinuduiu

SUBSTITUTIONAL

Ways in which solid solution can occur,

Phase A

eNickel atom
*Copper atom

R = - TR
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Isomorphous Binary Phase Diagram
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of a tin-rich B phase (light layers)
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from Metals Handbook, Yth edition,
Vol. 9. Metallography and
Microstructures, American Society for
Metals, Materials Park, OH, 1985.)
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Yiuing Fe,C ~ 5%
g pearlite = 957
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= 0.33 + 0.76
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SLAB. Up to 3000 mm
whide and up to 320 mm
thic

BLOOM. Up to BILLET. Up to
around S00 mrm 180 rmm square
either square or

rectangular

Continuous Casting Machine

Continuous |
Hot rolling gasting

Guide rollers
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Metal fabrication techniques
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Forming operations Casting Miscellaneous
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Forging  Rolling  Extrusion  Drawing  Sand Die Investment Continuous  Powder Weiding
metallurgy
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and (d) drawing,

Feim 117 Metal deformation during (a) forging, (6) rolling, (c) extrusion,

Forging
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Rolling
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FUIUULIAN
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13nfou (Hot rolling)
23mifu (Cold rolling)

Extrusion

Direct patrusion Jagicect piiusen

Direct Extrusion Indirect Extrusion

Drawing
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A9 extrusion (L19fR)

Drawing die
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+ Cold working
-no recrystallization

+ Hot working

-recrystallization

-less energy to deform =more energy to deform

-oxidation: poor finish -no oxidation: good finish

~lower strength -higher strength

~higher ductility -lower ductility

Cold worked microstructures

-generally are very anisotropic!

=Forged -Swaged -Rolled
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PATTERN
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DRAG MOLY READT L i
(LOWER MALF OF FOR CLOSING
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ROUGH CASTING CLEANED CASTING

Fig. 1.1 Elements in making s casting. Top balf of mold, ope: bottom
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Continuous Casting
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Continuous Casting Machine




Powder Metallurgy
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(Heat Treatment of Metals)
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Application

T
NIEUIUNT heat treatment dawidlawsialy
- Process Annealing

- Stress Relief

NIZIURNT heat treatment dwilimanndn
- Normalizing

- Full Annealing

- Spheroidizing

- Quenching and Tempering




Process Annealing

o | T3 =
« Anqurzaen + uivenfu larediragananuaziodiuea i 1 Tovsaes
X
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. A St
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Stress Relief
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Critical Temperature

A, = lower critical temperature

A, = upper critical temperature f"Wl hypoeutectoid
carbon steel
A, = upper critical temperature 8"l hypereutectoid

carbon steel

gupiinfiodu A, sz A ssurznoulufoud austenite iy




Temperature (°C)
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Spheroidizing

B VRN D AOPN OB oL
0 02 04 06 08 1.0 1.2 1.4 1.6

Compasition (wt % C)

TemEm‘lure {°F)

Normalizing
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Cementite

Annealed Normalized
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Spheroidizing

+ Taratireqaneaeaninndanifuauiiounarwezmfuougy (0.25-1.1%C)
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|Spheroidized 1.1%C steel 1000x




Quenching and Tempering

umnidnlunanfumn Swazma fouss Tifodnndniieafuou
thumaruazrnfuaugs (>0.3 %C)

3Bnar = ﬁﬂ%unmm‘innﬁ'ﬁ'll!'auqumugﬁgwh upper critical
temperature (furuzanuwmaRIzR 1 laresiaady
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(rzvunrifunin "Quenching”) wivymiuivdusuleui
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austenitizing
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Precipitation Hardening

Lﬂumﬁnﬁmﬁumﬁumu'11nmm:n’mfnﬂ'ﬂmo-muﬁv‘mﬁuu'ﬁl:nmqu
wiawra 0 Tameusy

Aonar ¢ nuiuhu'lum'ﬁz‘qmugﬁt‘!4?“'11'5'tf}u1=u:nmuﬂunai'1
second phase w:nzawlu solid solution lfwun %ﬁﬂﬂuﬁ
(7umin "Solution treatment” uﬁ’«ﬂnﬁv'ui'\mrquuﬂu'mmm
Vauenduiredranis (Quenching) Wivsninivusuidny
M1 quench ?Uﬂuﬁqwgﬁﬁﬂu'i'wiﬁﬁ"mm:nmﬁmm:nu Funeu
ﬁl.?ﬂﬂ'h "Aging"”

Solution Treatment
quenching

Aging

Frens 11,49 Hypothetical
phase diagram for a
precipitation-hardenable alloy
of compaosition Cy.
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Composition (at % Cu)
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(Supersaturated solid solution)
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thilnranadintd B eenumbzuumila wia B fnausaiufudiy
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-

Supersaturated solid solution 3afisnyiunilding B 1
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tunliey (Aging) uth aging Whuamumuiuluszinling B
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quziaih
Snuznranuinoid fnsuznancnuia @
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B fomnzey wnei
solid solution

Scivent (Al) stom
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atom

fa b te)
Frem 11,27 Schematic depiction of several stages in the formation of the
equilibrium precipitate (#) phase. (a} A supersaturated a solid solution. (b) A
transition, &, precipitate phase. () The equilibrium # phase, within the a-matrix
phase. Actual phase particle sizes are much larger than shown here,




Foanu LE24 A i electron showing the

of a TISO-TES1 aluminum alloy (6270, 2.30u, 2.3Mg, 011271, the balance Al) that
has been precipitation hardened. The light matrix phase in the micrograph is an
aluminum solid solution. The majority of the small platc-shaped dark precipitate
particles are a transition 7’ phase, the remainder being the equilibrium »
(MgZn;) phasc. Note that grain boundaries are “decorated” by some of these
particles. 90.000. (Courtesy of G. H. Narayanan and A. G. Miller, Boeing
Commercial Airplane Company.)
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Strength or hardness

Fiame 1121 Schematic
4 v h

and hardness as a function
of the logarithm of aging
time al constant
temperature during the
precipitation heat
treatment.

Logarithm of aging time

Uaaul¥ B anuniaafun “Natural aging”
Tiguupiiiiensmnudndun “Artificial aging”

Strength and hardness
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« Tamzdnnoivunlfiudearzinvmange
- Ferrous metals
- Non-ferrous metals
. Ferrous metals fiolovzidouududaIngdumindslsus
winndLaAndnTae
. Non-ferrous metals fiolawziusnmiialusan

ferrous metals

i i

I Ferrous | |Non-Ferrous‘

Ductile
Castiron

Malleabie
Castiron

Gray
Castiren

Ferrous Alloys
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- wminnda (<2%.C)

- winwda (>27%C)
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mﬁnné’ﬂgni“uunmmﬁmmmfuﬁuﬂemﬂu
i
- wannAmAfuaudn (Low carbon steel) i C taundn 0.25%

- minndmfreuunany (Medium carbon steel il €
2N 0.25% - 0.6%

- uninﬂﬁ'ﬁmfnﬂugq (High carbon steel) laumlifl ¢
72WI 0.6% - 1.4%

a4 v da - ¢ P
Plain carbon steel wrufuminndniilanazminuazeafuouiu
o 5 ) 7
fuosuiniy o7l M Wunudndes vanmilesanilfedaruatiu

i Ladiats g i
Alloy steel famanndriinanfusanuduaslikfoufingauin

1
mannarnnfuBuAn

lﬂuminnif'\fqﬂmruﬁmn:mr"l'i'ﬂumnqun'lumrmﬁnm'\"»r'f'wﬁu
Tneifunurafusudania 0.25% 'ﬂqﬁﬂﬂﬁmmmnwuﬁwnu
wiuriudinmafouls (lidwnrlflarefa Martensite
1#lounnr quenching)

- P [T . 1 nwma P
pnmau e Tifmnndanfuaudn 1938 cold working
i

Tnresireqannoeaninndrenfueuimirzney oy ferrite ua:
pearlite
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winndpnfusuAniinumdiussgaunn via liearoaunifnis
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manausznan ey IRtz Auuia
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mi'mniﬁmfuaur:nﬁnmjwdqﬁﬂ HSLA (High Strength Low
Alloy Steel)

finanfu cu, v, Ni, Mo lusfusmudnteuinlé HSLA fimny

wiusaannda Plain low carbon steel

Tuwrrunwinly HSLA franusanrs lummsfmumunasinndaul
findn Plain carbon steel

HSLA 17Wumnd1 Plain carbon steel un
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MaNNaIRITLDUAN

. duiAiienan lasandnndranfuausn

- Tensile Strength 415 - 550 MPa
- Elongation 25%
- Yield Strength 200 - 300 MPa

& v 4
annaAITUIAULIUNAN

inndarnfuauunaadiniusurwiae 0.25 - 0.6% wnndarzaMi]
mmrmmzuﬁ"mmm’ﬁmem’aufauti‘ﬂmi:um'\uuimﬂﬁ (Quench
and Tempering)

Plain medium carbon steel ﬁm‘lumu‘lrn"lummuquﬂ'ﬁuﬁufu
‘1'qﬂn'mim:'w“unmﬁmi';umqummm'lummm;u 19U Cr, Ni, Mo
Alloyed medium carbon steel :'meuiungqn'i-\ plain low
carbon steel uﬁﬁnwumﬁmua:iu;ﬂmnn’iﬂliuﬁ’u

AISI Designation

fAISI = American Iron and Steel Institute

XXxx
——

Alloy content Carbon content

e
TR
wanndn 1020 wnufwmnndnilienfveu 0.27. (liflsgduut)
4
wiinnin 1080 wuntdainndaiinnfueu 0.8% (laifisnntuue)




" Compeosition Range
AIS| Designation Ni 5 Mo T

10XX

11XX 0.08-0.335

12XX 0.10-0.355
0.04-0.12P

13XX 1.60-1.90Mn

40XX 0.20-0.30

41XX 0.80-1.10 | 0.15-0.25

43XX 1.65-2.00 | 0.40-0.90 | 0.20-0.30

46XX 0.70-2.00 0.15-0.30

48XX 3.25-3.75 0.20-0.30

51XX 0.70-1.10

B1XX 0.50-1.10 0.10-0.15V

B6XX 0.40-0.70 | 0.40-0.60 | 0.150.25

92XX 1.80-2.20Si
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. Stainless steel utamminuuslnrasnahulidu 3 draomlfd
- Ferritic Stainless Steel
(lrrasiraiuih ferrite arquliiil martensiteliilf)
- Austenitic Stainless Steel
(ifn Ni Wl Austenite mi'm#lqmm‘\i':ﬁm)
- Martensitic Stainless Steel
(nnasfrotuy martensite)

' ' o
+ Austenitic stainless steel lifluudininTlumnzi
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Fe,C —— 3Fe+ C(Graphite)
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* Gray Cast Iron
* Ductile Cast Iron
*» White Cast Iron

+ Malleable Cast Iron




Gray Ductile

cast iron cast iron

White Malleable
-

cast iron

cast iron

White Cast Iron
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Malleable Cast Iron

. Lﬁﬂﬁﬂtuﬁnuﬁamamauﬁqmqﬂ 800 - 900 “C e
(nndn 30 F2T) Tuvrsunaiinegy (ifedosiu oxidation)
2ili Fe,C umially graphite ffmuuziiundudiufeunio
man il
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Gray Cast Iron
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Microstructure of Gray Cast Iron
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Ductile Cast Iron
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Microstructure of Ductile Cast Iron
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(Nonferrous Alloys)
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Pitting Corrosion
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Stress Corrosion
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Hydrogen Blistering
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