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(Applications and Processing of Metal
Alloys)




Learning Objective

Usziaudnsy

How are metal alloys classified and how are they used?
What are some of the common fabrication techniques?
How do properties vary throughout a piece of material

that has been quenched, for example?

How can properties be modified by post heat treatment?




Metal alloys

Ferrous Nonferrous
Steels Cast irons
Low alloy Gray Ductile White Malleable
iron (nodular) iron  iron iron
High alloy
Low-carbon Medium-carbon High-carbon
Plain High strength, Plain Heat Plain Tool Stainless
low alloy treatable

Iicunre 11,1 Classification scheme for the various ferrous alloys. 3



STEIELS

Low|Alloy

Iowclzarbon med carbon
<0.25wt%C 0.25-0.6wt%C 0.6-1.4wt%C

| | | h é |
. . at .
Name plain HSLA plain plain
| | | treaﬁablg |
" CrV Cr, Ni
Additions none .. none none
| N'I’ MO | Mlo |
Example 1010 4310 1040 4340 1095
Hardenability 0 + + ++ ++
TS - 0 + 4
EL + + 0 - -
| | | | |
Uses auto bridges crank pistons wear
struc. towers shafts gears applic.
sheet press. bolts wear
vessels hammers applic.
blades

high E:arbon

High|Alloy
tlooll austelntitic
| stainlless

dr, V, )
W Cr, Ni, Mo
Mor |
4_1 9_0 3(_)4
i 0
+t 0
- ++
1 1 |
drills high T
saws applic.
dies turbines
furnaces
V. corros.

resistant

increasing strength, cost, decreasing ductility



‘ Cast Irons

Ficure 11.2  The true
equilibrium iron—carbon
phase diagram with
graphite instead of
cementite as a stable
phase. [Adapted from
Binary Alloy Phase
Diagrams, T. B.
Massalski, (Editor-in-
Chief), 1990. Reprinted
by permission of ASM
International, Materials
Park, OH.|
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(a) Gray Iron
(b) Nodular or Ductile

lron

(c) White Iron
(d) Malleable

Ficone 11,3 Optical photomicrographs of various cast irons. (@) Gray iron: the
dark graphite flakes are embedded in an a-ferrite matrix. S00X. [Courtesy of C. H.
Brady, National Bureau of Standards, Washington, DC (now the National Institute
of Standards and Technology, Gaithersburg, MD).] (b) Nodular (ductile) iron: the
dark graphite nodules are surrounded by an a-ferrite matrix. 200X. [Courtesy of C.
H. Brady and L. C. Smith, National Bureau of Standards, Washington, DC (now the
National Institute of Standards and Technology, Gaithersburg, MD).] (¢) White
iron: the light cementite regions are surrounded by pearlite, which has the ferrite—
cementite layered structure. 400X. (Courtesy of Amcast Industrial Corporation.)
(d) Malleable iron: dark graphite rosettes (temper carbon) in an a-ferrite matrix. 6
150%. (Reprinted with permission of the Iron Castings Society, Des Plaines, IL.)




NONFERROUS ALLOYS

e Cu Alloys e Al Alloys

Brass: Znis subst. impurity -lowerp: 2.7gl/c

(costume jewelry, coins, -Cu, Mg, Si, Mn, Zn additions
corrosion resistant) -solid sol. or precip.

strengthened (struct.
aircraft parts

& packaging)

Bronze: Sn, Al, Si, Ni are
subst. impurity
(bushings, landing

gear) NonFerrous - Mg Alloys
Cu-Be: -very lowp: 1.7g/lcm3
precip. hardened -ignites easily
for strength -aircraft, missles
* Ti Alloys
y * Refractory metals

- : 3
lower p: 4.5g/cm “high melting T

vs 7.9 for steel « Noble metals -Nb, Mo, W, Ta

-reactive at high T -Ag, Au, Pt
-space applic. -oxid./corr. resistant



Noble Metal




Fabrication of Metals

mandnlvgjgnatnanusmaniumvasumaniild
auh (blast furnace) nmelupviaaaiiu f1u coke
(Asuow) Feazidsuldlunia CO wazvihmihmiu
§1357% (reducing agent) Wie3Adinaneaanlas
(Fe,0,) Wumdnnga (pig iron) ATUSINAIATUBY
28Uz 4% Laranslaauumigg mﬂﬁ?umé‘ﬂaqﬁu
ANINVDINAIDINLANNABNILYNABLNAILULAEA

annan (steelmaking furnace)



the process

STovES G

o e B
BLAST FURNACE

WATER COOLED
REFRACTORY

HOT AIR BLAST

PCICOAL IS
INJECTED NEAR
|«—— THE BASE OF

Iron ore, coke
and limestone in

vAY

Hot gases ¢ » Hot gases
out out
Hot air m Hot air in
Molten Molten
Iron out slag out

COKE
LIMESTONE
FLUX

IRON ORE
SINTER «
PELLETS OR
LUMP

THE FURNACE
TAPHOLE

IRON LADLE

10



1 74

“Uﬁﬁ%mmﬁéq yMnNaYuTuLm Blast furnace

Coke
Iron OreJ( Limestone

\ AAST FURNACE

heat generation

gas
refractory C+02-C02
vessel — reduction of iron ore to metal
layers of coke y CO2+C—2CO
and iron ore \ 3CO+Fe203—>2Fe+3C0O2
s|gg * i purification
Molten iron<{ CaC0O3—>Ca0+CO2
CaO + SiO 2 +Al203—slag
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‘ Metal fabrication techniques

Metal fabrication techniques

Forming operations Casting Miscellaneous
Forging Rolling  Extrusion Drawing Sand Die  Investment Continuous Powder Welding
metallurgy

Ficure 11.6  Classification scheme of metal fabrication techniques discussed in
this chapter.

12



METAL FABRICATION METHODS-I

| | |

FORMING
* Forging e Rolling
(wrenches, crankshafts) (I-beams, rails)
force
e ® -
d
. Aq often at Ao I > .
el elev. T @
1)
e Drawing force  Extrusion
(rods, wire, tubing) (rods, tubing)

container

A
difj Ad  ensil °
gy tensile force ’
| .
d'e container

| die holder

Ao I extrusion | Ag

13



Rolling Machine
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Copper Wire Drawing Machine
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Extrusion Machine
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METAL FABRICATION METHODS-I

|
| | |

CASTING

e Sand Casting  Die Casting
(large parts, e.g., (high volume, low T alloys)

auto engine blocks)
o-9
\/

e Continuous Casting
e Investment Casting (simple slab shapes)

(low volume, complex shapes
olten
solidified

molten metal

plaster

e.g., jewelry, turbine blades)
17

die formed
around wax »wax ) >
prototype A




Pouring Cup

—a

Gating System Core Print
Mold Cavity

Sand Casting
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Die Casting
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Ceramic shell

Molten
metal

gating
system

Hollow
ceramic
shell

Wax patterns A, - .
Finished
casting

Flask

Ceramic slur
ry Copyright © 2008 CustomPartNet

Investment Casting




Continuous Caster Schematic I

Permeable Tundish Nozzle

~—— Tundish Slide Gate Valve

T Shroud

e
~ Mold Powder

Continuous Casting
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METAL FABRICATION METHODS-III

|
| | |

JOINING

 Powder Processing « Welding
(materials with low ductility) (when one large part is impractical)

pressure
filler metal (melted)

base metal (melted)
fused base metal

heat

" heat affected zone
area unaffe unaffected
contact piece 2

e Heat affected zone:

point contact densification . . .
atlow T by diffusion at (re.gmn in which the
higher T microstructure has been

changed), —

22



Sack Tip Unit

Silo —
] Q\
Discharger Valve e
IBC Fill Head > !
Check Weigh G >
Platform —p =25
Bulk Materials Minor Additions

IBC and
Discharge
N Statiqn

Primary Mixing Secondary Mixing Compression

Powder Processing

23



How Welding Works

Gaseous Cloud
Metal Particles Jacket

Weld Seam Pt Metal
b & Filler

Electrode

Source

Grounding
Wire

Stick Welding




N32UIUNIINAMUTDUVB9La%E (Thermal Processing of Metals)

Annealing: Heat to Tanneal, then cool slowly.

e Stress Relief : Reduce  Spheroidize (steels):
stress caused by: Make very soft steels for
-plastic deformation good machining. Heat just

below T g & hold for

15-25h.

 Full Anneal (steels):
Make soft steels for
good forming by heating
to get v, then cool in

furnace to get coarse P.

-nonuniform cooling
-phase transform.

Types of
Annealing

* Process Anneal

Negate effect of . N . N
cold working by forma 'Zel (?' heels)-
(recovery/ Deform steel with large

grains, then normalize

recrystallization) to make grains small

25



ANNEALING PROCESSES

VU9 NTEUIUNINAIUNTBUNA VI I TanTlaamn gt

9 Y

4 )

A udpdhilugianaiinnweantiuidsassliianduinamnaegngie
N3LUIUNTT Annealing 4

ST

1. agluvhndanaaneanuaunazaueag (Relieve Stresses)

R

2. WiuANURaU, ANNEavguwarAunuNUlAiuTEn (Increase

softness, Ductility kaig Toughness)

-—

3. ¥ iianUsInglATIas19NaBenIs

AL S
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N3EUIUNIT ANNEALING

¥
(>

JURBY Annealing uagUsenaulinie

. WuAuSeuliian lWdwmamgiinsinenis (Heating)

1 v
= v

. AvanUEavgiuly Fussendinig “Soaking”

- Uaselvdanduiawn a gaumgivies (Cooling)
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AIMAYBIAIIUAUANAT (Residual Stress)

m’mLﬁuﬁazamagﬂﬂaluﬂfuﬁﬂazLﬁmmﬂmsmzﬁﬁqmwﬁ

1. ﬂﬁzuauﬂﬂsLﬂﬁaugﬂquwmaaﬂﬁi’m6‘] (Plastic deformation)

2. nsifusegnililanna (nonuniform cooling) vastuan 1 Fu
fanfinunsiden viensvae

3. nszvIunsiasulaseadne (Phase) Minaindusivedlassadng

LAULAZ L ASIAS I AU L AU LU UG AR USZ RN LT U

1 d. % = Y o
N159UDAUNDVINAINULAIYANNATY  (Stress-Relief

Annealing)
lnownwanlufgamgifisnit A, Ussanal 50°C (MSefiuszana
500-650°C) Asliigaumgiiil (Soaking) Uszana 1 Falasseuunnves

Juau 1 gnuAni NAINUUVN LS U luaIN e s



n52UUN15 Full ANNEALING Ya9tiannanesl

fanuyaneie ilaninus ousiigs lnerdunisviang
Martensite  dnvistaelunisnds  wieldladie  wagyiliwand
AavanURa Ul wazldmdnadanedu dnldiuinannainisusy

ALaZUIUNAY

aag v @ v | [~ ] =
ammmﬂmmmaﬂﬂm LSLUIDDNLUN 2 B9 AB

9 Y
a

1. Hypo-Eutectoid Steels (%C < 0.76) %Lmﬂﬂﬁqmmmmﬁa

Y

U A, Uz 15-40°C kananniiudsanguvgiasdingluim
2. Hyper-Eutectoid Steel (%C > 0.76) 91iN150U80UILDYN

witlawdu A, Ussanal 15-40°C uaiangaungiiasinoe 19t lumn
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1 = 1 g o Jo o
N139UDULNDAITUDAURNIEAY (Spheroidizing)

< ad I O Yo & ado 4

Junssuisnsevesunlviumaniiinnsvaudrunansuasss
(Usganas  0.25-1.2%C) dnane3geadl

lnemlulimnusouaufsgamgiianninguy Al 1&ndsy
(Usganay 700 °C) lagagldnaisnunuszunn 15 - 25 Falus 901
=4 I Y Y
nUasglnduiilusinie

viavlalaonisuimanivenioamgiigendn A, éniday (740
°C) wavi v usluen

o = A o I v 8 Y % 1 Y =~

V3RITHTIRUNYIAININdY A Wandey uaiUaselviaaduly
wilowdu A, agrefladuiuluises
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n15auUNA tinaUFuUIAMEuNUR (NORMALIZING)
HynUszasndfyateusznis Ao

1. ey livuiansuLdnadilazaiauay
2. YUIALNSUNLANAIBIlATIES 1S alafaz AT LN

VY S a

n15¥1  Normalizing 43S wianivnseusulgumgias (aglutas

Y

Austenite) V’?ﬂmﬁﬂ HypoEutectoid (LN DLEY A, Uszued 55-
85°C) wazindn HyperEutectoid (swwilawdu A, Uszura 55°C) iis
Ionmgidsnamuszun 30-60 unfideanuvunieds 25 wu. 10ty
dheonanmvasslidusilueiniads @nsmsdudissuin 1-5°C
RRIUT)
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Temperature (°C)

1000

— 1800

— 1700

900 Normalizing — 1600
/ T\ £
Full annealing | 18000 =
800 ( :
3
— 1400 ¢
i

ool A1/ J —{ 1300

Spheroidizing
| — 1200
0 | | | | | | |

0 0.2 0.4 0.6 0.8 1.0 L2 1.4 1.6

Composition (wt % C)

Phase Diaeram ¥au%an — iuanmsiug luusaiUnse) Eutectoid

FIUFTANENY N UNHTUYUIUN TN INAIINTOU I ]
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NM3YuLls (HARDENING)

fio MseugUAILSouLiiadeInslimanaandsannansyy
wdieauudafisdy denudenadendluvagldou s
gundaluisaglilalassasvaavangavineidu Martensite
3o Bainite Tuegfumuudeaninedidesns  Tasaed
paAUsENaUTiddes1atios 3 Usenis fe

1. USunaumsusu

2. gUNOINBUNITYU

3. 8031NILTU
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Hardening
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Ndmiun1guuds (HARDENING TEMPERATURE)

1. Hypo - Eutectoid Steel gauugiin1syundsazagimvitdaidu A, Uszunn 50 °C

¥
aa

Fegamgiitiazlalassasianidu Austenite LaIvanun

Y

2. Hyper - Eutectoid Steel aldonmgfimiiowdu A, Uszuna 30-50 °C winiiu
%Lﬁu’jﬂuﬁdawmqmmﬁﬁ %Umﬂg‘lmqa%waq Proeutectoid Cementite
widegunsduinty Ainanglulu Austenite du Cementite fivdoogiay
nszdanszasegimlululasiaieves Austenite lothluguihayldlassadng
Martensite 1a8dl Proeutectoid Cementite LL‘VI’iﬂ(?f’Jagj %Wzlﬂuwaaﬁiamm
LT sUoumEn VNG Cementite Siauudsuszanas 700 — 800 HB Feudend
Tas9a$ns Martensite (650-700 HB) witsuifuiddnio azdosdengumniinag
laiAnlAs9a319  Proeutectoid Cementite Tué’ﬂwmmaLﬂ‘jaw‘ﬂu@ﬂwmmau
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3yuuda MARTEMPERING

ANSYULTILUU  Martempering  azlalassadsgavineidu  Martensite
udefunsruLdeUnd avdeaienundevasuazane (Salt Bath) figaumgil
i1 (Uszanar 40°C) Fadwlngiagldindenauszwing Sodium Nitrate AU
Potassium Nitrate (40-50%) %qmaqmamﬁaz%aammmﬁqmmﬁ 145°C Fatiuds
fivagungiitunsldnuegsening  160-650°C Taen1sikmantieglugiaues
Austenite (wilaidu A, vio A, Ussuin 50°0) uwdnsgnumgiidliaunses
onmnivieslunagduueniniusiauns wiiiaieeninane udguluss
inFenauftgampiimiodu MS Tuuwwugd TTT 9ntuddeslifinsusugnmad
szeziawie (asazlisnfaaiiinlaseads Bainite) andutesniuyy

v 1
o % =

UuAie Irlalaseasne Martensite a1niuinlUauAus (Tempering) Liioan
AULASERRD LY
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M3YuULls AUSTEMPERING

mMsyuudeiidnuaradneiuls Martempering winanAAuilasiaisgavned
foan1s Fe Bainite Forvamluuvuruun vdeuuvedad AldTusgfutag
gampiinazuadesliinnaiuasulassadne gunsalilegldfmiloudu

MsguudzBudausinaundnauddsmdy Austenite Vamunantiuthesn
e guindnadlugisindenan fidesnislaseads Bainite wuuLLN
(Upper Bainite) gamgiilusnaindonaumsavegfl 450-550°C usiddosns
1A598579 Bainite kuUa@na1 (Lower Bainite) 9univad814naadziliiied 350-
450°C iy antuiivisreznamiauudlaudiilasaiaudendy Bainite
pgvauysal  (ldanunugll TTT)  wéidaheenainrunieUdsslmdunalu
a1 lisfuasluyuiian iswazlifinnsdoulasadednseld
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PERING)

ANANEMAIIINNITYURDTINATD eiilassasvadiulngUsenaunie Martensite

138U (TEN

AU Austenite ﬁL%ﬁaﬁ’Nagj (Residual Austenite) %ﬂ@mamﬁaﬁuaﬂmﬁﬂ%ﬁ
ANULDIE weInAENTRfIuAUWTEd WvudeusINITLNN LagANATeA
meluiiAntuasiidushlitunudne Wounndnlurarldnuls faumndni
siunsyunds  Aeuiisazthluldeumsagdeahuwihnseviui  ilorans
AanuAseanelulivuald

mseuAudd A s maniiunsyuudsioamgiinnndndu A,
menduiiefeliidussosnanuuneaunis  ududssldidudagng  angluwn
Tas9a$1s Martensite U Austenite TimdengazUiusidnganniiauna uavil
MsveNeFves Pearlite MlATU Aumdenaziindy Seazadnondetumani

111N15%1 Spheroidizing

38



SURFACE HARDENING

Ul

Humsyuudadielildanuudaamzauuinaiuity dudewdnanely
Sinaduidodudedinuming  aauszadfifiedoanslivinnusenisin
ysoluvarldinn nusdeussdaviausinszunnessuusdldilagliunndn Snvia
msyundsameindunssisisendadumilunsdiidunisinn - fegiaves
Fudnfifenthuvihnsgundaansfldun  mandomdos wansndu (iles
Aes WWudy nsguudaameinanansarilévanss dwielud

1. NM3YULTRRNIZELAE35 CARBURIZING %39 CASE HARDENING
N1IYURDARNIZRLABTT CYANIDING
N13YURDAANIZRILAETS CARBONITRIDING

a

N5YULTLANIZELREIT NITRIDING

a Y

A3YULTRRNIERImenseualniuienir INDUCTION)
nsgusdsanzinmeallnlinusou (FLAME)

A AN A B

- NSYURTARNIRILAETS ELECTROLYTIC 2



Surface Hardening

Nitriding Hardening
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