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Bonding and Properties

Crystal Structures & Properties
Imperfection in Solids

Mechanical Properties of Materials
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Failure & Fundamental of Fracture
Metal Alloys

Phase Diagram

Phase Transformation — Heat Treatment
Processing and Application of Metals
Ceramic Materials

Polymer Materials
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Environment and Sustainability
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' 1. INTRODUCTION TO METALS & ALLOYS : GENERAL PROPERTIES &
APPLICATIONS

2. PHASE DIAGRAM
3. FABRICATION & THERMAL PROCESSES OF METALS
Aluminium
Brass l : Cast Iron
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Introduction

« Phase diagram provides valuable information about melting,
- crystallization, etc.
-+ It shows the relationships among temperature, composition,
and phases present in a particular alloy system at equilibrium.
« Binary alloy- consist 2 components (e.g. Cu-Ni, Cu-Ag, Pb-5Sn)
« Ternary alloy- consist of 3 components (e.g. Fe-Ni-Cr)

« Why study phase diagram?

Important to engineers, related to design and control of heat-
treating procedures since there is a strong correlation between
microstructure and mechanical properties
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Phase Equilibria: Solubility Limit

+ Solubility Limit:

Max concentration for which only a single phase solution occurs.

Duestion: What is the Sucrose/Water Phase Diagram
solubility imit at 20°C7? 100
. Solubility
inswer: 62 wt% sugar. 80 Limit
If Co < 65 wt% sugar: syrup o
If Co > 65 wt% sugar: syrup + sugare gof- L
= |
= 40| (liquid solution
= I.e., syrup)
The solubility limit of sugarinwater 5 1~
Depends on the of water - - |
e.q., if T=100C, solubility | | |
limit = 80wt sugar. 0 20 40 100
o 5 C_,=Composition (wt% sugar) , &
X 5%
o= o o

——
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Effect of T & Composition (Co)

water- sugar
system

Adapbed from
Fig. 8.1,
Callister Te.

100

Temperature (°C)
) £ ()] oo
o o o o

-
=

« Changing T can change # of phases: path A to £.
« Changing Cp can change # of phases: path £ to D.

B (100°C,70) D (100°C,90)

(liquid solution

L

Le., syrup)

| phase 2

L
(liquid)

+

S
(solid
sugar)
® A (20°C.70
2 phases

nhases

|

20

40

60 70 80

C,=Composition (wt% sugar)

100
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Binary System

Alloy that contain 2 components

(1) Isomorphous — complete liquid and solid
solubility of the 2 components, e.g. Cu-Ni

L <=> o (Cu-Ni solid solution)

(2) Eutectic — limited solubility, upon cooling
liquid phase Is transformed into 2 solid
phases. e.g. Cu-Ag, Pb-Sn

L <=> a+p
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Binary Isomorphous Phase Diagrams
= -binary systems: just 2 components.
-independent variables: T and Cp (P=1 atm is almost always used).
T(°C)
/ * Phase 1600 « 2 phases:
Diagram L Juid)
for Cu-Ni L R Lliquid)
system 1200 L (liquid) a. (FCC solid solution)
1400 | « 3 phase fields:
9 L
s
1300 | W 7 | +a
1200 o o
1100 (FCC solid MNoted: Solidus line
solution) & Liguidus line
| | | |
mDDn 20 40 60 80 100 wi% Ni
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At temperature below 0 m e w e w
1080°C, Cu & Ni are B
/ soluble in each other
‘ (complete solubility) sse |
dUE tﬂ'; o .-f"f':;?. 2600
' ' el .
. Same crystal structure - g 3
(FCC) T o §
. . . . 8 L R
li. Nearly identical atomic = e
I'Ed | | 20 f*’f{ﬁ' ) =00
iii. Nearly identical NV
electronegetivity g
Iv.Similar valences 00
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Interpretation of Phase Diagrams

/ = 3 kind of iInformation are available:
N I. Type of phase that are present

(a phase or L phase or a + L phase?)

B ii. The composition of these phases
% of composition e.g.: Cu or
Ni
. The percentage or weight
fractions of the phases
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;TERMS THAT YOU NEED TO KNOW...

. The lowest temperature at which the alloy is still
completely liquid is known as the Eutectic point

. The lowest temperature at which a single solid phase
(austenite) transforms into two other solid phase (ex.
ferrite and cementite) is know as the Eutectoid point

. Ferrite

. Austenite

. Cementite

. Pearlite

. Spherodite

. Bainite

. Martensite

. Retained Austenite

. Tempered Martensite
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iFerrite

Alpha ferrite denoted a-ferrite or ferrite

Universiti
Malaysia
PAHANG

U

Delta ferrite (&-ferrite) is stable only at very high
y temperatures

Ferrite is soft and ductile

It is magnetic from room temperature to 768°C, Curie
temperature
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Within a certain temperature range, iron undergoes a
polymorphic transformation from a bcc to a fcc

/ structure,
Becomes gamma iron (y-iron) or austenite

Austenite is denser than ferrite and important in heat
treatment

Possesses good formability
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entite

Also called carbide

®* Cementite is very hard and brittle intermetallic
compound

® Has a significant influence on the properties of steels
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earlite

*  Fine pearlite is where ferrite and cementite lamellae
V in the pearlite structure of the eutectoid steel are thin
and closely packed

® Coarse pearlite is thick and widely spaced

ey
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Spheroidite
Subcritical annealing is when pearlite is heated to just
/ below the eutectoid temperature for a period of time

Spheroidites are less conducive to stress concentration
because of their rounded shapes
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E Bainite

Bainite is a acicular microstructure, a very fine
" microstructure consisting of ferrite and cementite
| having a different morphology

Produced in steels with alloying elements and at
cooling rates that are higher than those required for
transformation to pearlite
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Martensite

- ® Asaustenite is cooled at a high rate, fcc structure is
' transformed into a body-centered structure

© Does not have as many slip systems, thus lacks
toughness and limited use

70
8 60 - Maftens.\te
@ 50
23
o 40+
w -
g 30 At
: s

| | |
0 02 04 06 08 1.0
Composition (% C)
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Retained Austenite

When alloy temperature is not quenched sufficiently

low, only a portion of the structure is transformed to
martensite.

The rest is retained austenite which can cause
dimensional instability and cracking.

Lower the hardness and strength of the alloy.
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g?‘«f Tempered Martensite
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Tempering is a heating process to reduce hardness and
f improve toughness, thus improve the mechanical
properties of the metal.

With increasing tempering time and temperature, the

hardness of tempered martensite decreases.

Hardness (HRC)

70

60

50

40

30

20

—— Initial hardness of martensite

|
102 103

!
104

Time (s)
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l. Type of Phase that are present

* Rule 1: If we know T and Cg, then we know:

--the # and types of phases present.

T(°C
« Examples: “IEFDD )
A(1100°C, 60): 1500 L (hiquid)
| phase =a o AP Cu-Ni
B(1250°C, 35): 1400 | [_:Jhase
2 phases= L + o diagram
1300 |
1200 solution)
1100 Y€~ - - - - - - -9 A(1100°C|60)
1
1000 [ 11 ] | .
0 20 40 60 80 100 wt% Ni
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Phases: The physically and chemically distinct material
regions, e.g., a and B in Aluminum-Copper alloy
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* Rule 2: If we know T and C,, then we
7 know: the composition of each phase.

There are 2 cases:
==) a. Single phase region
—— b. Two phase region

Components: The elements or compounds which
are present in the mixture (e.g. Al and Cu)

UMP OPEN
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===) a. Single phase region

COMpOEE an dal% Ni

* The phase
Eﬂmpﬂﬁltlﬂﬂﬁ are easy = s -
to be determined f,f'ff
5 ,-f’f 1
-.é e Lo s :ﬁiﬂfﬁbcn - i | _:;n:
= e.d.. Point A : /_;j,,f
(60 wt% Ni-40 wt% Cu at 1100°C) 1200 2 J,f'; , Z200
g
Tl 1
Atthis C_and T noal” P
- Only « phase is present i
- Composition = 60 wit% Ni-40 wt% Cu "™, S B 0 0

UMP OPEN
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— b. Two phase region

'/ « The phase composition can be determined
by tie line. Cu-Ni
o system
. Examples: T¢C) ;
Co = 35 wi% Ni TA ¥ tieline jaus
At T A =1320°C: 1300 |- L (liquid)
Only Liquid (L)
G =Cp [ = 35 wt% Ni) L= ] ,
At Tp = 1190°C: '
] 1200 '
Only Solid { o) D : .
Co = Cp ( = 35 wt% Ni) I
20 3{235 4043 A0
At Tg = 1250°C: ClCo  Ca wt% Ni
Both cand L

CL = Cliquidus (= 32 wt% Ni here)
Ca = Csolidus (= 43 wt% Ni here)

UMP OPEN
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3 | 1il. Weight fraction of phase

/ « Rule 3: If we know T and Cp, then we know:
—the amount of each phase (given in wi%).

* There are 2 cases:
m==) 3) Single phase region
—> b) Two phase region

UMP OPEN
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a) Single phase region
) ,;,a"l;f:rc-
=Example: PointA .~ " 1 &
(60 wt% Ni-40 wt% Cu at i oo e e g
1100°C) & o | B
1560 /f.-“”f B | e
At this C, and T; e
- Only a phase is present 1150 {L .4 2100
- The alloy is composed entirely
of this phase, so the phase e T m W ® W
fraction; ) Eompostion e W
W_= 1.0 (or 100%)

UMP OPEN
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b) Two phase region

Tie line and Lever Rule

-'/ (inverse lever Rule) must be
utilized Cg Co
R T S
WL W
1 — (: it B Cﬂ. = c"’
Ca-Cr, R7S
7 A | ag 1 5 . Cq - C]’_ - R
l: :Illj. Ca i, Tﬁfﬂi B - 4 T

Compision [wi's i)

* total weight fraction: W +W_=1

UMP OPEN
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b) Two phase region (continue...)

« Examples:
/ Cu-Ni
T(°C) system
Co = 30wtk N A ' e ine -
At T A: Only Liquid (L) 1300 L (h
Wi =100 wt%, Wg =0
At Tp:  Only Solid ( o) Bl

|I'llll'llllL:‘:ll Wﬂ[ — 1[”:' Wt'},"ru.

1%_&[] : :
At Tp: Both aand L D A
a-C 20 30735 4043 B0
Ce = C 3
,ﬁ-'Lzu _43-35 ~T3wt% CiCo Ca wi% Ni
Ca- CL| 43-32
Co - CL
w o9~ ~L_

umr- JPEN
Y (coliSeiuane
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The Lever Rule

* Tie line — connects the phases in

'/ equilibrium with each other
T("C) How much of each phase?
Think of it as a lever (teeter-totter)
1300
M, M.
8| O []
1200 &
I
20 M,_-S=M,-R
M, S5 C, -G, W R C,-C

W.I'_ - = =
M, +M, R+S C,-C,

e
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Development of Microstructure

a. Equilibrium cooling
extremely slow cooling. Readjustment
in the L and o phases composition in
accordance with the phase diagram

b. Nonegquilibrium cooling
cooling rate too rapid to allow these
compositional readjustment, thus
nonequilibrium microstructure develop
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a. Equilibrium cooling

i. Point a (1300°C)
Alloy is In liquid form

ii. Point b (1260°C)
o phase begin to form at liquidus line,
based on tie line, the composition is;
L = 35wt% Ni-e5wt% Cu
a = 46wt Ni-54wt% Cu

lii. Pointc (1250°C)
solid o & liquid composition
L = 32wt% Ni-68wt% Cu
a = 43wt Ni-57wt% Cu

Tamg-Ealum {50

iv. Point d (1220°C)
Solidification is virtually completed

v. Point e (1180°C) -
Solidification complete, Final product- Lon L .
PG'FGF}’S‘:H'"“E a PhEIS'E solid solution Samogst en e N

o =35 wt % Ni- 65 wt% Cu

UMP OPEN
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b. Nonequilibrium cooling

Nonequilibrium cooling :

Point ¢ (1250°C)
grain boundary

Point d (1220°C)
Solidification should be
completed, however there is
still liquid remaining

Point e (1180°C)
Solidification reaches
completion

Famesrate {0

chnology « Creativity

b - - R,
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il

uld

r OPEN
(cotrsewar: [



- <[k

Universiti
Malaysia
CAHANG

U

Nonequilibrium vs. Equilibrium Cooling

In nonequilibrium system
/ « Cu-Nisystem: Firsta to solidify has Cg = 46wt%Ni.

Last o« to solidify has Cg = 35witNi.

Uniform Ca:

First @ to solidify: 35wt%Ni
W |

46wt %Ni

Last o to solidify:
< 35wt%Ni

getahlisherd

gd
Moneguilibrium cooling Equilibrium cooling
Rapid cooling rate. Segregation or Slow rate, composition in accordancs
concentration gradients are with the phase diagram

UMP OPEN
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Mechanical Properties
- Effect of composition on mechanical properties (Tensile
/ strength and elongation) of Copper-nickel system:

=Tensile Strength (TS) --Ductility (“2EL)

% E 60 YEL for pure Cu

= 4007 & 50 L%EL for

= TSfor € pure Ni
& eNi = 40

o 300 pure =

E -~ o E} SD_

© J:""'Tb for pure Cu <]

@ 20 | [ — w I I

5 2 20 40 60 80 100 2'30 20 40 60 80 100

Composition, wt%Ni Cumpnaltmn wi%Ni

--At some intermediate --The ductility decreases
composition, the curve with the addition of second
passes through the component, where the curve
maximum exhibit the minimum

UMP OPEN
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Binary Eutectic System
ANPEDDE 1A% I:I;:I
2 2 i @ m e -The solubility of
1200 | I T T — T T ] 2300 _
/ B solid phases (o and B)
/ TR lipies 1 is limited. e.g
g  ; . €2
LVt~ quwmg 7~ solubility limit
- | “ ek ﬁl::x\'*—-_iil:hl: f-#':.j_ .f'#i o 13'113 se 15 at
) mn— & =47l - ' ¥ :
s ac L+a is L+ps]e ¢ CBAboundary line.
g 7 - "Bl ¢ -Example copper-
= _ 'B— 1200 2 1 PP
% " 1_\ 779°C, E =719 Fm silver phase diagram
7 L o s F - 3 single-
B aio : ,
g "l j phase region exist
= I o+p e i) o phase (rich in
200 5 I z!: I ‘-I.'l I n:ln: I s.I:- I T EHPPEP}
i Composirion, wt% Ag . ii) p phase- (rich in
+ Eutectic transition silver)
L(Ce) = a(Cug) + B(Cye) iii) liquid
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EX. Pb-Sn Eutectic System (1)

« For a 40 wt% Sn-60 wt% Pb alloy at 150°C, find...

'/ —the phases present: o + Pb-Sn
—compositions of phases:  T(°C) system
Co = 40 wt% Sn
C, =11 wt% Sn 300
Cp =99 wt¥ Sn
--the relative amount 500
of each phase:
W, = Sﬂ _ r_zﬂr_za_ 150
R'I"J I:-_-'_E, - I:.—r’,:,; 1DD
_99-40 _ 59 _ .
~99-11 8g _ofwth . i . |
0 11 20 40 60 80 99100
| ~ ¢,-c. Ca Co ¢, wit% Sn
'.-"JL:, = —— T ——— Adapted from Fig. 0.2,
[ g — Lo Callister 7e.
) -1 29
_40-11 29 _gg
99-11 88

UMP OPEN
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EX: Pb-Sn Eutectic System (2)
« For a 40 wt% Sn-60 wit% Pb alloy at 200°C, find...
b —the phases present. o + | Pb-Sn
/ ' —compositions of phases:  T(°C) system
Co =40 wt% Sn
Cy =17 wit% Sn 300
C; =46 wt% Sn
—-the relative amount 2ol
of each phase:
C,-C, 46-40
Woa="7c "c T 46-17 100
= ° 271 wi
29 o 2046 60 80 100
“e Gt wi% Sn
Co-C, 23
WL="c,-c, 29 TTOWt%
R @“iﬁﬂ A
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Microstructures
iIn Eutectic Systems: |

{_‘:ﬂ < E a,,,_.-t% Sn ‘ﬂ;{j} - G, wi% Sn
Result:
—at extreme ends

—polycrystal of o grains
I.e., only one solid phase.

(Pb-Sn
System)

| |
0! 10 20 30
Cal C,, wt% Sn

(room T solulility limit)

HANG
79 + Technology + Creatiity
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Microstructures
iIn Eutectic Systems: [l

« 2wit% Sn < Cp < 18.3 wit% SHWE{"C]
+ Result:
= |nitially liquid + «

* then o alone 3007
= finally two phases
= o polycrystal 001 .
- . . - i
» fine B-phase inclusions °© | Lo
T B
1001 . .
- [2*F | Pb-sn
|
| sysiem
i ] i
]| 10 ' 20 30
2 Cy Cn  wi Sn
(sol. limit at Troom) 183
{sol.limit at T)

AP OPEN
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Microstructures
In Eutectic Systems: Il

e * Cﬂ = CE
/ » Result: Eutectic microstructure (lamellar structure)
—alternating layers (lamellae) of o and B crystals.

2 Micrograph of Pb-5n
C) — eutectic
L €, wtdh Sn microstructure
300 ! EIREE
Fb-Sn :/. "““'*-:____
sysiem !
200 j
TE :
|
| :
100+ | | 160 pm
| o+ g Adapted from Fig. ©.14, Cafister 7e.
1 |
! | ] I
o + 20 40
8

MP OPEN
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+ Eutectic reaCtiEln;, L <= o+ p (Refer to copper-
silver phase diagram at 71.9 wit%o Ag)

+ Eutectoid reaction— 1 solid phase — 2
other solid phases (upon cooling)

d0<=>vy+¢

+ Peritectic reaction — 1 solid phase + 1
liquid phase — 1 anothe phase (upon
cooling)

O+ L<= ¢
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THE IRON — IRON CARBON (Fe —
Fe,C )

* In practice, all steel and cast iron have carbon

content less than 6.7 wt % C, thus we
consider only this phase diagram- iron-iron

carbide system
« Carbon is an interstitial impurity in iron.

UMP OPEN
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Temperatwre {°C)

Compesition (2% C)
10 15

1200

1200

600

£00

| |

2500

727C

2020

-4 1500

1 1000

(Fe)

3 4
Composition (wt% Cl

870

Tenpesature °F

sgineering « Technology * Creativity
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- 2 important mmT{”C}
points :
-Eutectic (A): 1400}
L=y +Fe,C
, 1200
-Eutectoid (B): @
— o tFe,C ' p=
= orhet 100 y+Fe,C 5
5
727°C = Teutectoid o
S <
atFe,C L
| | L - | ! | |
1 2 0\ 3 4 5 6 6.7
76 4307 ¢ wwc
& Fe,C (cementite-hard)
Result: Pearlite = E o (ferrite-soft)
alternating layers of - '
o and Fe,C phases ) Adapted from Fig. 9.24 Callister Te.

(Adapted from Fig. 0.27, Gallister 7e.)

UMP OPEN
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-lypoeutectoid Steel
Co less than s
T(°C
Eutectoid; 15[,.[]{ )
0.002 - : %
076wt C 4400 L
Fe-C
+[ (
2000 ¥ NCT 00 tFe,C| ~System)
(austenite) o
B =
: v +Fe,C E
800ffy 727°C S
/' all= S Q
W =SHr+s) /600 | : @
Wy :|:1- T :_.::| / ﬁ i : LL
L/ 5 67
{FE‘] ol - 'I.C‘:” “'t% Cr
peariite o
Woeamte = Wy .
W =SHR+5) 100 pm - :
Wee,c =(1-Wo)
pearlite proeutectoid ferrite
Adapted from Fig. B30, Callister Te.
P OPEN
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(Fe-C
S}fStEITIII
)
=
@
=
i
=,
UI""’]
LII"l.FE__I: :'I..Ir{-ll'l'S} i +FEEC E
Wy =(1 “WFe,C | [ [ |
3 4 5 6 6.7
C,, Wi%C
v =SfH{R+5) . Stectoid
Wre,c =(1-Wa) 60 prm WEE&E*IE ol
pearlite See s =8 | T proeutectoid Fe,C
Adapted from Fig. E,E-E.Gafﬁ.'sli-er Te.

| Te——————————gyrere_
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Fraction of Pearlite & Proeutectoid a

/ ¥ + Fegt
Fraction of Pearlite, WF

g o I =_T_

‘5 H‘*:. | i T+U

ot ¥ T 1

2 B e R ¥ Fraction of
L : i Proeutectoid a, Wa
: : : : N + FE;C = U
. | T+U
| | | |
| | | |
| | | |
| | | | |
4 [ i 6.70

0.022 C, 076 C

Composition [wt % C)

*Ferrite that is present in the pearlite is called eutectoid ferrite

=In terms of % C, terms like hypo and hyper-eutectoid alloys are used

=In term of T, Ferrite that formed before eutectoid T is called as proeutectoid
ferrite

wiP OPEN
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Example: Phase Equilibria

For a 99.6 wt% Fe-0.40 wt% C at a
temperature just below the eutectoid,

determine the following
a) composition of Fe,C and ferrite (a)

b)the amount of carbide (cementite) In
grams that forms per 100 g of steel

c) the amount of pearlite and
proeutectoid ferrite (o)

UMP OPEN
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Solution:

; a) composition of Fe3C and ferrite (o)

160

T°C)

; 1200 M
Cee ¢ =6.70 Wt% C =
1000 (i
E
8 s
5 UH
6 a+Fe,C E

40 : : ; :

] 3 3 4 5 E{;eF.?C
B

UMP OPEN
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Solution:

b) the amount of carbide (cementite) in
| grams that forms per 100 g of steel

et __%0-Ca 440
FE3C+II GFEE,C _CD:
_ 0.4-0.022 , 450 =5 7¢
6.7 —0.022
FeaC =57 g
a =94 3g
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c) the amount of pearlite and proeutectoid ferrite (a)
note: amount of pearlite = amount of g just above T,
160
C,=0.40 wt% C reoy | ¢
C_=0.022 wt% C 12n{—{aiuﬂt?’ _ Tfec| 8
Crearite = C, = 0.76 wit% C oot | =
! ¢ +FesC %
— sog 727°C =
Y _%0=%, 100-5124 =S = Q
] .
pearlite =512 g 406 J 2 3 4 ¢ 6.7
proeutectoid o = 48 8 g Co ™ Co. W C
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