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Recap

Failure: occurs by three main mechanisms
Fracture

Fatigue
Creep

Fractography

Fracture (It1|)
Brittle fracture
Ductile fracture

DBTT
Basic Fracture mechanics and application to design problems

Fatigue (I| £)
Failure under stress far below YS, TS; Cyclic loading

Creep (22| )
Time dependent permanent deformation



= 0|3}

LHERGH CHEER] 12

=)
=

| DK ef & HEHO A Al ZHI S RHE 2=

o

Obijectives and outlines




AL,

A HERH A 3t7|F(strengthening mechanism) | CHSH Of 7|

ot
I

O| O| M| Z=Z!(microstructure) 40 2|5}

EAMEOC O
/| O =2 - O/

| 7IAH

—1 20
a0 —
HE —
:I-tl:l_-

=
=

Of| M O] M| =& Of Ht= 2HHEl(phase transformation)

oS HE{ZEA[ZHO]

two phase (22) microstructureOi| CH{SH

=
—

= oA &7

F

S
-C 2l

CI=2C 2 Fe
oL ZULCH,

= OIAMl=

=Y PN

=g A2 T4 0| 25 A

Ofl CHoH Of 7|5k 2L e

al
)

1z
o Bl




Reviews

0

Phase

Hod 2FEf O] 2F Phases in equilibrium

= HEH Phase transformation

Allotropic transformation

2lE, AZEH, 2 & A2 Recovery, Recrystallization and grain growth
Gibb’s phase rule

Eutectoid, eutectic, peritectic reactions (invariant points)

TH AE O] 2F Metastable phase (resulting from diffusionless transformation)



Introduction

M| Z= 2] (microstructure)= 7| Al & ‘2 & (mechanical property) 2} 2 & oF 2HA

ot=2o| OjM|&Z2 1 oh=2 9| MEf T (phase diagram)0| E L= LISt HEE
25t A& 7SOl

e, SE =0 2 UE SESS &

2 Ef &= (phase diagram)?
=22, &= (p), 4 ()0 U2t HetX| = e E et & (phase)= LIEFH = (diagram)
T2 HEHZ Mot (5, 0 E &EHSHo|AM) 2 2ef 20| el HetX]= S A2

I — =
He| A SLFEfHCE,

O

|53i5t= A0l T &.

Terminology
2t= (alloy)
2 (phase): = 2| &, 2totE A0 # Aot Aol AT EE (0 & =)
28 feauilbriumy: AIZ10] T2 BHIR| 223 7] (4EY: ) 0] w0l EXfet A2 B
A 24O ok 2f HSER] £=LC)
A& (component): 222 +8%= =250|Lt 2tet= (0. 252 22 2|2t OFH)
Al (system):

Lo e =2 2}
HAGIOl 22 d2 222 0|20 T g5 AIE (0 Crefet 2|2t o2l Bl 2 O| /T & &)

5/14/19




Terminologies

Alloy (Bt 2)

Phase (%}): a region of space throughout
which all physical and chemical

properties of a material are essentially
uniform.

Solid Solution (112 4]|)
Solvent (2 0H)
Solute (&)

Component (T+’d ‘A =)

System (A|)

B (lighter
phase)

a (darker
phase)

"o Adapted from chapter-opening
photograph, Chapter 9, Callister,
Materials Science & Engineering:
An Introduction, 3e.

P.374, Fig. 11.16
i II/ ///tz /\q.-r-'x
33 Lyt

o phase
B phase
% 50 wt% Sn —
F.om Metals Handbook, Vol. 9, 9th edition, Mefallog aph;l 50 Wt% Pb a”oy
and Microstructures, 1985. Reproduced by permission

of ASM International, Materials Park, OH.
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& EN T Unary Phase Diagram

1 T 1 T 1 T 1 T T 1 * H =11 at 1 atm), = —

| 2Z7HSIH0 met 28, HA| SE

=, 12|12 7N SEl = (=572
HPCT,

Pressure (atm)
—
(D)

O| ME =0 M 223 K| & 2t

Q| ]
== H(melting temperature e)dt B+

H (boiling temperature)= X 2FC}.

0.1

H N

(o]3

0.01

0.001

. Bt} )= BF O| RO T A (system)2| B0 =
M (3 SLCt.
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L
2= EF
HY=E & 2T ot E2 725 8ol E HE
: = = o §+ N :o|-7-|| o H The ratio of solute to solventlalso affects
=: &0 solvent; 2T 2t2tE: &Z solute the phase stability.
2ot MRl dEHO| 7 ZoHA LIEHH. [hEtM, 28 &2 &f(phase) /
SFX|2H 2E 2ol = 0| =50 £t EdlfE = Gl 85 Composition
St (solubility limit) 7} =X SHCF,
Sugar/Water Phase Diagram -
100 « L2IHO| phase diagram= =1t &2 =2
Solubility Limit O|—?—O'| £l 7:” O| =r gcl S c_>|0'” [[l'E|'
O sof L L ISE=RT 04“(%% O & stable
= (liquid) phase)= HTTICL.
2 60 L + | | M=o 2o sk 84 sz 220 ntat
£ 40L (liquid solution S ifle
= i.e., syrup) (solid
P 20 sugar)
l I l I
0 20 40 60 80 100
g |C = Composition (wt% sugar) 5
© =]
= 7]

P.351 Figure 11.1




Phase diagram

- (B JHIEE 22 = 0ot 204: o 2 (phase)2| 2t &= (degree of stability)= CH
o Phase diagram M et8 0 g2 2=

o Equilibrium diagram 1) temperature; 2) pressure; and 3) composition

©_ constitutional diagram & WO M &, Of &7 (binary system) 2

o el Ef =2 CHECE. 2 & Al (tertiary
system)= O 7| A CFE7|0f {7 S & O & A|
dHEE T2, 2= EHONM 22 (M)
g ()0l k2t HH = QHE ol 55 BT

At a fixed composition (pure water) At a fixed pressure
101.33 100
10.13 ~ Solubility
O sor Limit
g Lol g (liquid)
% 10 g 601 L +
E onl 2 40| (liquid solution s
3 i.e., syrup) (solid
0.001 |
2 20 sugar)
0.0001 | | |
S s A e S 0 20 40 60 80 100
& C =Composition (Wt% sugar) g
o 5
= 7

Sugar/Water Phase Diagram



S E = O & (binary system)

Water-sugar binary system
B Only one stable phase (L)

100 H e o 0
(100°C,C = 70 wt%) D (100°C,C = 90 wt%)
| Two stable phases
80 I | (uer+2 2 .
60
ME+2 89)
+

N
o
I

Temperature (°C)
AN
o
I

A (20°C,C =70wt%) two stable phases (L, S)

I I I
20 40 60 70 80 100

C = Composition (wt% sugar)

o
o

JE =S 280l H 2HE Hotof et

N N N EI-EI.X'E OI_|-I‘I A2 _U_I-OI'C')'I 2 O] |___|-

(Ao B) B B0l B ABY 2 Y oo Tas s yuse 5
- (B > D) ZAJO| B} o QFY Al 4 Hi3| (et = Set0| 20| A CHE X))

Fig. 11.1, Callister & Rethwisch 9e.



Phase transformation and time; metastable

For metallic alloys we’ll discuss, the time required for the changes
between phase (phase transformation) is much slower than that of
liquid system. For this reason, various microstructures can appear.

Sometimes, even if

GA < GB,
the rate of phase transformation (B — A) can be very slower, so
that it seems that it does not occur at all; it may take years. In that
case, phase B is called ‘metastable (=& &)’ under the given
circumstances, since phase B hardly transform into A phase despite
of the given condition G* < GB.

People can make use of such phases in their ‘metastable’
conditions, which may come out from certain heat treatments.
What is the metastable phase(s) that appears during the precipitate
hardening? For metastable phases, in addition to temperature,
pressure and composition, time is also an important factor. Non-
equilibrium (metastable) phases is discussed in Chapter 12 (Fall
semester).

Let’s think about corrosion.

0, + 4e~ + 2H,0 — 40H"
Fe — Fe2* 4271
4Fe?t + 0, — 4Fe3t + 20?2~

Fe + H,0 + 0, > FeO + H,0

Corrosion is a slow process. The phase in
equilibrium (rust) will eventually be produced
but it usually takes years. We make use of the
metastable steel (or iron) phase meanwhile.




Binary phase diagram (0| & &'Ef &)

Binary phase diagram: phase diagram for a system that consists of two
elements (let’s call them E; and E,, respectively.)

Phase stability depends on temperature, pressure, composition.
|

v

= B

o A

o

5 C

|_

/ Pressure

E,=100 wt% E,=100 wt%

Composition

Binary phase diagram is usually refers to the one at a fixed pressure
(under 1 atm = atmospheric pressure)




Binary phase diagram (O| & &FEf &)

Binary phase diagram: phase diagram for a system that consists of two
elements (let’s call them E; and E,, respectively.)

Phase stability depends on temperature, pressure, composition.
|

v

= B

o A

o

5 C

|_

/ Pressure

E,=100 wt% E,=100 wt%

Composition

Binary phase diagram is usually refers to the one at a fixed pressure
(under 1 atm = atmospheric pressure)




Cu-Ni binary isomorphous phase diagram

22 M0 2H A; Binary isomorphous system Isomorphous means complete solubility of one component to another
. Ni+Cu 3 different regions: L, L+0, o
T(°C) binary system
1600
~* LPhase: Liquidus solution; mixture of nickel and copper.
1500 F T OfNT o o Phase: Solid solution in FCC structure.

Substitutional solid solution of Ni+Cu.

1400 * L+ a: both Land a phases exist.

1300 [
Important notes:

Both Ni and Cu have FCC structure in their pure compositions: Atomic
a (Solid Solutipn) radius, electronegativities and valence electrons are similar. Hume-
T,, of Cu Rothery rule — conditions for substitutional solid solution. (p 159).

1200 -

1100

1000

1 I I ]
0..20 40 60 80 _.100 a phase (solid or liquid -solution) is possible
wt% Ni at any composition (isomorphous)

Naming convention (nomenclature):

1. Greek letters (such as a, 8, y) are used for solid phases. Alphabet L stands for the liquid phase.
2. Boundary separating L and L + a is termed the liquidus line (2§ &)

3. Likewise, the solidus line (L&} M) is the boundary between a and L + a



Information in phase diagram

Rule 1: If we know T and Co (£tH#H coordinates of in phase diagram), T(°C) Cu-Ni phase diagram
then we know which phase(s) is (are) present. 1600 oo
1500 |- E?
« Examples: a0 | &
1o T
- o
B(1250°C, 35 wt% Ni): 2 phases: L+ a 1200 |

1100

1 i
100 1 1 1 i
00 20 40 60 80 100 wt% Ni

T(°C) Rule 2: If we know T and Co (X7 coordinates of in phase diagram), we
1\ T AR know the composition of each phase (determination of phase composition)
. ‘ '\d\-\%
1300 |-L (liquid) o For a fixed composition (Cp) for the entire system,
B there are cases that multiple phases may exist (such as L+a region).
Tg [---------: o SO Each L and a phase may have different chemical compositions of Cu
. © : : O (solid) in Ni(or vice versa). The phase diagram can help you figure the
1200 [~ v LD : chemical composition of each phase.
Tp [~ =i
1! A | .
20 3032 35 20 43 50 At A (Ty, Cp): Lin C,
C.Co Ca W% Ni At B (Tg,Cp): LinCy +ain C,

At D (Tp, Cy): ain C,



nformation in phase diagram

Rule 1: If we know T and Co (XH & coordinates of in phase diagram), then we know which phase(s) is (are) present.
Rule 2: If we know T and Co (ZtE coordinates of in phase diagram), we know the composition of each phase.

Rule 3: If we know T and Co (£tH% coordinates of in phase diagram), then we know the weight
fraction of each phase (phase fraction).

QSoHd)

CLCo

wt% Ni

33235 4043 50

Ca

For a fixed composition (Cg) for the entire system; there are cases that
multiple phases may exist (such as L+a region); Each L and o phase may
exist in different amounts.

At A (Tya, Cy): Only liquid phase exist, thus Wy, =1, W, =0
At D (Tp, Cp): Only solid (a) exist, thus W, = 0, W, =1
At B (Tg, Cy): Mixture of Land o; We use the lever rule (or inverse lever rule).

1. Draw the tie line

2. Indicate the chemical composite for the entire system (i.e., Cy)

3. Find the distances from (C,, T) to liquidus and solidus lines, respectively. (R and S)
4. Apply the lever rule: M

M
S 43-35 a
WL = R+S _ a3-32 0.73 wt% -Tl:l Lever rule: X|SICH 2|
R

Wy = === 0.27 wt% |<F>|<—>|

R+S

* Notice that the unit; The unit used in the phase diagram is the unit of the obtained
weight fraction.

Derivation of the lever rule is found in ex 11.1 P 360.



Convert wgt. fraction to vol. fraction

For a binary system with a and 3 solid phases, one might want to know
the volume fraction rather than ‘weight’ fraction.

f, = Ya Can you obtain this from w? Yes, but | need to know the density

Vo + Vg
Vo and vg are volumes of a and  phase, respectively. Density= Weighlt (mass)

volume
Wy If you multiply ppg on denominator (=) and numerator (= X})
Va Pa
f, = =
“ ovetvg Wo W Wepp

f, =
i Pp . Woch + WBpoc

The inverse relationship of the above is:
Wa — mO( — fO(pO(
mey + mB focpoc + prB




Isomorphous alloy and its microstructure
(equilibrium cooling — no time required for phase transformation)

In the absence of gravity? (Or no density difference between L and o)

Rule 1 Rule 2 Rule 3 T °C Cu-Ni SyStem
. . . (0] i
T (Phase fraction) COL (tiquia) 'L- 35 W%eNI
B _ Wy, = 100% .
46— 35 L: 35 wt% Ni
B Lo C. = 35 wt% Ni Wi, = 2252 x100% a: 46 wt% Ni
Co = 46 Wt% Ni w33
«~ 26— 35 °
C L+t Ci, = 32 wt% Ni Wy, =? o4, \‘L: 32 wt% Ni
Co = 43 Wt% Ni W, =? BN I
N a: 43 wt% Ni
L+a C, = 24 wt% Ni w, =? 1200 F .. I
D C. = 36 wt% Ni W, =2 ’ L: 24 wio N
_ N a: 36 wt% Ni
E a Cq = 35 wt% Ni WWL:_lg;A; % a : |
(solid) ‘a: 3w N
1100 L [ ‘
20 30 35 40 50

Page 361. Fig 11.4



Isomorphous alloy and its microstructure
(non—equilibrium cooling —time required for phase transformation)

The equmbrlum cooling should be extremely slow to allow the transformation to start and complete for chemical
composition of solid a change, a certain flux of Ni should diffuse from a to the remaining L in the a+L region during cooling.

In practice, non-equilibrium cooling is observed with a reasonable cooling rate.
The time required for transformation can be compensated by super-cooling or super saturation.

\
L @
a (46 Ni)
1300 [— a

|

° |

° |

|

|

|

o “‘
(46 Ni)
(43 Ni)

Why?

1300

Diffusional process is involved in the
transformation.

7 a (46 Ni)
4

a(43 Ni)

Note that diffusional process is time- and
temperature-dependent.

L (24 Ni) i L (29 Ni)

Temperature (°C)

Temperature (°C)

1200 1200

As a result, after the cooling, the
microstructure obtained by non-
equilibrium cooling is not ‘homogeneous’
in terms of its chemical composition.

1100
20 30

1100 \ \
20 30 40 50 60
Composition (wt% Ni)

Compostion g But if you let enough of time elapsed,
(a) Eq. Cooling (b) non-eq. Cooling you’ll see the microstructure shown in (a).




Isomorphous alloy and its microstructure
(non-equilibrium cooling —time required for phase transformation)

| @
L (35 Ni)

1300 Cored structure; gradient of concentration;

If this microstructure is unwanted, how can we make
the grains homogeneous in terms of their chemical
composition?

Temperature (°C)

1200

A: heat-treatment to help diffusion of Ni/Cu.
This heat-treatment will produce chemically
homogeneous grains.

1100 | | | |
20 30 40 50 60

Composition (wt% Ni)




Mechanical property of isomorphous Cu-Ni system

 Effect of solid solution strengthening on:

- Tensile strength (TS) -- Ductility (%EL)

;_‘U\ /\ - 60 %EL for pure Cu

= 400|- | < 50( %EL for

= XTS for pure Ni Py pure Ni

= 3001« £ 40F

& ©

= o

7)) - \/

© %/TS for pure Cu 15 30

» 200 Wil 1 1 1

c O 20 40 60 80 100 0 20 40 60 80 100

L Cu Ni u i
Composition, wt% Ni Composition, wt% Ni
Adapted from Fig. 11.5(a), Adapted from Fig. 11.5(b),
Callister & Rethwisch 9e. Callister & Rethwisch 9e.

Solid-solution Ductility decreases as

hardening strengthening increases



Binary eutectic systems

e The ‘melting’ temperature of a + 3 mixture is lower than that of
POINT pure a and pure . That means, by mixing with foreign species, the
W melting becomes easier (eutectic).
“““““ H B
a+B E \\
! Liquidus line

|
\EUTECTIC ) )
1 COMPOSITION | Solidus line

100% A % A/B 100% B

~

EUTECTIC
TEMPERATURE

Solvus line
Image from Wikipedia

Characteristics of this binary eutectic systems:

1) three regions where a single phase is present (L, a solid-solution;
B solid-solution)

2) o phase is a solid-solution rich in copper; silver as solute; FCC

T(°C) Cu-Ag system
1200

L (liquid)

1
1000 § :
I

Te 80 F 45 e 612\ structure
s00 b l 3) P phase is also a solid-solution but rich in silver; copper as solute;
a+B FCC
400

4) Solubility of each solid-solution is reducing in T < Tg
200 femeebeedm b | 5)  Three regions where two phases are co-existent: L + a; L + f3;
C, wt% Ag a+f




Binary eutectic systems

T(°C) Cu-Ag system
1200
L (liquid) '
1000 § :
al L+a |
800 & 779° C + B
Te 8.0 710 912
o : CpE
a+B !
400 I
|
1 1 I
200 L L
0 20 40 60 Ce 80 100
C, Wt% Ag

Along the liquidus line between L and L+a, addition of solute (silver)
decreases the melting temperature, where a phase completely melts to L.

The same applies to the liquidus line between L and L+3; Adding more
solutes (Cu) will reduce the melting temperature of 8 solution.

These two liquidus lines meet each other at a certain point, an invariant
point of fixed C and T values (eutectic point).

Cooling

L (Cp) € a(Cyr) + B(Car) Reaction eq. at the eutectic point

heating

Cg: Eutectic (chemical) composition

Tg: Eutectic temperature (horizontal line Tg: eutectic isotherm; 38 &&M)

Cq g Eutectic composition of o
Cg g: Eutectic composition of

Can you point out where (a, 8 and L) are co-existing? ——> |nva riant point (T,C are flxed)




Other binary eutectic systems

Pb + Sn ('&+34d) binary eutectic system

10 i |
Composition (at% Sn)
- Liquid 0 20 40 60 80 100
(brine) 327LC I I I I y
0 300 \
. Salt Liquid
5 B a I \\ ]
o Ice Liquid AT \ .
= .
= A0 _;._ brine) 5 | —T
g Liquid 5 200 \ 183C N i
e (brine) N N P
@ - § 18.3 1.9 97.8
-20 AHo , A WS =
= AZ+27: =3 WE 100 .
a +
B Ice + Salt /
3lsico o|= i
-30 ' ' ' 2ofoteo| 2L Oo[E
NaCl 0 10 20 30
H,0 100 90 80 70 % 20 40 60 80 100
Composition (wt%) (Pb) Composition (wt% Sn) (sn)

Adapted from Binary Alloy Phase Diagrams, 2nd edition, Vol. 3, T. B. Massalski (Editor-in-Chief), 1990.
Reprinted by permission of ASM International, Materials Park, OH.

Can you point out where is the pure ice?

Can you point out where is the pure salt? LHI (60 wit% Sn — 40 wt% Pb) K| 87X L [ 2 2

EC S

A0 23S ey SEHS WEL,

o= T =




Tl e\ 1T Ui T VI NI TAauld

Ex1

* For a 40 wt% Sn-60 wt%
(1t rule) the phases present

Answer: a + 3

(2nd rule) the phase compositions

Answer:
Cpg =99 wt% Sn

(3 rule) the relative amount of each phase

Answer: c.C

Wa= gig = CE:CZ
Ny

W= RF:S ) gz (C:?Z
I Yo

alloy a , determine:

W~ UL U LW J)’JL\..I 11

Pb-Sn system

61.9

2 .
a+f3

60 80 99100
C, wt% Sn P

Fig. 11.7, Callister & Rethwisch 9e.
[Adapted from Binary Alloy Phase Diagrams,
2nd edition, Vol. 3, T. B. Massalski (Editor-in-
Chief), 1990. Reprinted by permission of ASM
International, Materials Park, OH.]



Three rules for binary eutectic system Ex2

« For a 40 wt% Sn-60 wt% Pb alloy at 220" C, determine:
(1t rule) the phases present:

Answer: L+a

(2 rule) the phase compositions T(°C) Pb-Sn system

Answer: C, =17 wt% Sn
CL =46 wt% Sn

| L (liquid)

77Js] I wi-
(3 rule) the relative amount of each phase 2001 -
Answer:
C.-C, 46-40 100p
Wa='c _c, = 46-17 SR
=% o 0 1720 4015 60 80100
S °"LC, Wt% Sn
C,-C, 23
W = C.-C, 29 ~ 0.79

Fig. 11.7, Callister & Rethwisch 9e. [Adapted from Binary Alloy Phase Diagrams, 2nd edition, Vol. 3, T. B. Massalski (Editor-
in-Chief), 1990. Reprinted by permission of ASM International, Materials Park, OH.]



Microstructure in binary eutectic systems #1

- : : Case 1: For alloys for which Co <2 wt% Sn
Microstructure develops during ‘cooling’” from Case 2: For alloys for which 2 wt% Sn < Cy < 18.3 wt% Sn
liquid state to solid. We’ll examine three cooling Case 3: For alloys for which Co=61.9 Wt% Sn= C;
cases that start with different compositions. Case 4: For alloys for which 18.3 wt% Sn< Co<61.9 wt% Sn

Composition (at% Sn)

0 20 40 60 80 100 T(OC) /L: CO Wto/o Sn

400

300

)

300t

(°C.

200 [

Temperature

+
3
183 61.9 97.8

100 «vs 200.:

\ |

0 20 40 60 80 100

(Pb) Composition (wt% Sn) (Sn) 1 00 5
Adapted from Binary Alloy Phase Diagrams, 2nd edition, Vol. 3, T. B. Massalski (Editor-in-Chief), 1990.
Reprinted by permission of ASM International, Materials Park, OH.

0

Ol 10 20 30
» Result: microstructure at room temperature Co C, wt% Sn
-- polycrystalline with grains of a phase having (%oostolubthy limit)
composition Cy

Fig. 11.10, Callister &
Rethwisch 9e.



Microstructure in binary eutectic systems #2

Microstructure develops during ‘cooling’ from
liquid state to solid. We’ll examine three cooling
cases that start with different compositions.

Case 1: For alloys for which
Case 2: For alloys for which

Co<?2 wt% Sn

2 wt% Sn < Cy < 18.3 wt% Sn

Case 3: For alloys for which

Co=61.9 wt% Sn= C;

Case 4: For alloys for which 18.3 wt% Sn< Cy<61.9 wt% Sn

C)

e

Temperature

Composition (at% Sn)

40 60 80 100
T T T

300
Liquid

232°C

200 183°C A

100

" \ |
0 20 40 60 80 100

(Pb) Composition (wt% Sn) (Sn)

Adapted from Binary Alloy Phase Diagrams, 2nd edition, Vol. 3, T. B. Massalski (Editor-in-Chief), 1990.
f A I

Reprinted by permission of ASM

nternational, Materials Park, OH.

-- polycrystalline with a grains
and small B-phase particles

» Result: microstructure at room temperature (in a + (3 range)

L: Cowt% Sn
T(OC) / 0 (0]
400
a L
300t a
B
: €Co wt% Si
200
E 1
1
‘/
1 L 1
00 : o+ B
1
1
[ | [
0] 10 1+ |20 30
2 Co I C, wt% Sn

(SO'. limit at Troom)

18.3
(sol. limit at Tg)



Microstructure in binary eutectic systems #3-1

cases that start with different compositions.

- : : Case 1: For alloys for which Co <2 wWt% Sn
Microstructure develops during ‘cooling’” from Case 2: For alloys for which 2 wt% Sn < Cy < 18.3 wt% Sn
liquid state to solid. We’ll examine three cooling Case 3: For alloys for which Co=61.9 Wt% Sn= C;

Composition (at% Sn)

Case 4: For alloys for which 18.3 wt% Sn< Cy<61.9 wt% Sn

(Pb) Composition (wt% Sn) (Sn)

0 LC 2‘0 4‘0 6‘0 8‘0 100
 Result: Eutectic microstructure
(lamellar structure) at room L: Cowt% S
i temperature (in a + 3 range)
£ ahd W -- Alternating layers (lamellae) of a
and [ phases.
\ —rr
04 20 40 | 5‘0 | 8‘0 100 : \ {é}%}? a + B

Adapted from Binary Alloy Phase Diagrams, 2nd edition, Vol. 3, T. B. Massalski (Editor-in-Chief), 1990.
Reprinted by permission of ASM International, Materials Park, OH.

N\
! B From Metals Handbook, 9th edition, Vol. 9, Metallography lamellar: %é}tgl
H

. and Microstructures, 1985. Reproduced by permission of . Ht
a: ASM International, Materials Park, OH. Lamella: = =1, 1=,

20 40 60 80 100
7 18.3 Ce 97.8

=

; — 0 61.9
ﬁ\\\\xj\\h d%@«?«%?//ﬂ ( C, wt% Sn




Microstructure in binary eutectic systems #3-2

Microstructure develops during ‘cooling’ from
liquid state to solid. We’ll examine three cooling
cases that start with different compositions.

Case 1: For alloys for which
Case 2: For alloys for which
Case 3: For alloys for which

Co<?2 wt% Sn
2 wt% Sn < Cy < 18.3 wt% Sn
Co=61.9 wt% Sn= C;

Case 4: For alloys for which 18.3 wt% Sn< Cy<61.9 wt% Sn

From Metals Handbook, 9th edition, Vol. 9, Metallography
and Microstructures, 1985. Reproduced by permission of
ASM International, Materials Park, OH.

* Result: Eutectic microstructure M . Reaction eq. at the eutectic point of Pb-Sn binary system
(lamellar structure) at room : 5518
temperature (in o + B range) 1 ' Cooling
. . 0 - 0 0
- polycrystalline with o : L(61.9 Wt/oSI’l)h < o(18.3 wt%Sn) + B(97.8wt%Sn)
. eatin
and small B-phase particles | e e -
: Diffusion
| direction
| 2(18.3wto BO78 Wt &= K2 by diffusion
: Sn) Sn)
» I Pb 2} Sn2]
) . S = o
R ; | A B
AN \\ GOT 80 100 7‘| E_l Ol%
: N o / Cs s s _
3 \ (61.9) n Eutectr:c
AR e o
A N\ NS 777772075 /




Microstructure in binary eutectic systems #4-1

- : : Case 1: For alloys for which Co <2 wWt% Sn
Microstructure develops during ‘cooling” from Case 2: For alloys for which 2 wt% Sn < Cy < 18.3 wt% Sn
liquid state to solid. We'll examine three cooling Case 3: For alloys for which Co=61.9 Wt% Sn= C;

h . . o, . . . ) . -
Cases that start with different compositions Case 4: For alloys for which 18.3 wt% Sn< Cy<61.9 wt% Sn

Pb-Sn system
T(°C) L: Cowt% Sn L
Result: primary a phase particles a
+ eutectic microconstituents
— (AME7s ot O QIA. 300
Eutectic
r i } structure 200
i Te
Y Primary a
o o % - (18.3 wt% Sn)
100 i
. 8(97.8 wt% Sn) ! D tactic
(18.lgevsc/t22a8n) i : . : U , | eutectic B
0 20 40 60 80 1100
18.3 61.9 97.8

Fig. 11.15, Callister & Rethwisch 9e. C, wt% Sn



Hypoeutectic & Hypereutectic

hypo: e

hyper: 2t =5t

Fig. 11.7, Callister & Rethwisch

9e. [Adapted from Binary Alloy Phase

Diagrams, 2nd edition, Vol. 3, T. B.
Massalski (Editor-in-Chief), 1990.
Reprinted by permission of ASM
International, Materials Park, OH.]

(Figs. 11.13 and 11.16
from Metals Handbook,
9th ed,, Vol. 9,
Metallography and
Microstructures, 1985.
Reproduced by permission
of ASM International,
Materials Park, OH.)

Fig. 11.

(Pb-Sn System)

300
T C)

60

eutectic

16, Callister &  eutectic micro-constituent Adapted from Fig. 11.16,
Rethwisch Qe. Fig. 11.13, Callister Callister & Rethwisch 9e.

& Rethwisch 9e. (lllustration only)

Similarly, there are
1) hypoeutectoid
2) hypereutectoid
compositions.



Microstructure in binary eutectic systems #4-2

C)

Temperature (°

L
(C4 Wt% Sn)

W X p373, Fig 11.15 and Fig 11.16
I T I T I T

B +L
B
m. I
| L(61.9wt% Sn) | Eutectic
: structure
: Primary o
o+ B : (18.3 wt% Sn)
100 |— 1
I
| B(97.8 wt% Sn)
: Eutectic &
1(18.3 wt% Sn)
[ I
< . . <
< » < > <
o ! | ! P | |Q | \R
0 20 i 60 80 100

(Pb)

(40)

Composition (wt% Sn)

(Sn)

At point m, two types of microconstituents At T just above Tg (Point I):

a;e observed: and L phases are present.

1) primary a particles, _Q __P
Wo=5o WM =v0

2) eutectic structure(a + 3 layers; lamellae)

Q,. At T just below Tg (point m), what are the weight fractions of primary a and
lamellae structure?
Wprimarya @t pointm= W,  at point |
Weautectic  atpointm = W, at point |
Q,. At T just below Tg (point m), a phase exists in two separate regions: one in
primary a another in eutectic structure.
Q Q+R
Wprimaryoc =5 1N Wiotala = 5—F7 75
P+Q P+Q+R
Qz. At T just below Tg (point m), what is the weight fraction of 3?
P
P+Q+R
Q.: What is the weight fraction of eutectic a?

Wg =

Weutectica = Wrotala — Wprimary(x
Qs. What is the chemical composition of primary a at point m?
Qs. What is the chemical composition of eutectic a at point m?




Binary systems with intermediate phase

We learned
Eutectic
systems with
two solid
solution phases

Two solid phases at the both ends of
composition (at the concentration
extremities; & L& X|& 0| Z} &9
s 2H0 d4)

A+B binary systems
with two terminal s.s.

Temp.
Q
=

A’s concentration

B’s concentration

a and [3 are terminal solid
solution phases.

Temp.

A+B binary systems
with an intermediate phase in
addition to terminal s.s.

\

o g 14

A’s concentration

B’s concentration

a and y are terminal solid
solution phases.
In addition, B phase is
present as an ‘intermediate’
phase.

An example of binary (Zn+Cu) systems with 4
intermediate phases (Fig. 11.20)

Composition (at% Zn)

0 20 40 60 80 100
1200 T - T T T
a+L Liquid
1000 [— \
L
B+L
800 (— CR 4
S L4 4 y
< » Y a +
2 » w Z
2 F a e
g 5\ 4. o
£ IIa. 24z
= o0 i shs
600 [— * . £ PN
» .
[ n "0 f
*e R4 * “ 5+ n+L
B * HEE z
* e
| ens? .‘ .
- s € n »
400 ye 3
a 8 %en?® o’k
£ + Y LW
L ety
200 | I [ | |
0 20 40 60 80 100
(cw Composition (wt% Zn) (@n)
Adapted from Binary Alloy Phase Diagrams, 2nd edition, Vol. 2, T. B. Massalski (Editor-in-Chief), 1990. Reprinted by permission of ASM International,

Materials Park, OH

o, 1): two terminal s.s. phases
B,7V, €, 6: four intermediate solid solution phases



Fe-C system

Pure iron system at fixed a and y phases can form solid solution

P phases by dissolving carbons (C is an
liquid interstitial atom in Fe matrix)
1538° C
BCC Ferrite Intermetallic compound: Fe;C (cementite)
1394° C £ e
FCC Austenite E
@ | / Domains
912° C |l of
S
BCC Ferrite et Interest

Fe 100% Carbon
6.7 wt%
Remember three specific phases: ) . g
. Composition
o ferrite
Y austenite

Fe;C cementite



| IUP\—I CiILCJD VI I\lIIUJ\—J INJuUul 1T 1111 O W

system

Phases characteristics

o ferrite

BCC, ductile, low carbon solubility (max 0.022 wt%), magnetic

Y austenite FCC, annealing twins are often observed, high carbon solubility (max 2.14 wt%),
non-magnetic

Copyright 1971 by United States Steel Corporation.

O ferrite N _
Similar to a ferrite.
Fe3 C Hard and brittle; Mixed with other phases to enhance strength; metastable; .
. FE;C may decompose into a iron and carbon in the form of graphite. e
Ceme ntite This transformation (FE;C — o + graphite) may take years. §
(@]
Mt E (Ferrous alloys) 2| 25 NG z
H(pure) iron, & steel, TH castiron: YEIE 2 2 carbon 2| &R 20| 23 2FEICT. B o §




Carbon solubility in ac and y

a, 6, and y are solid solution phases of Fe-C system.

Solubility of C in Fe is mainly governed by crystal structure:

FCC can contain a lot more carbon than BCC; Octahedral sites are the primary places for carbons to
reside. The size of FCC octahedral void is much larger than that of BCC, so that FCC can dissolve a lot
more carbons in its solid solution state.

Composition (at% C)

Octahedral 16000 5 10 15 20 25

1538°C | | | |

FCC 1400

Tetrahedral
131
aad 1200

1000

Temperature (°C)

BCC

Tetrahedral

11
3z

800

lio _F\O]G
" Octahedral

0.022
GoRy «a, Ferrite a+ FesC

Cementite (Fe3C) ]

400 1 | | 1 | 1
0 1 2 3 4 5 6 6.70

(Fe) Composition (wt% C)

Adapted from Binary Alloy Phase Diagrams, 2nd edition, Vol. 1, T. B. Massalski (Editor-in-Chief), 1990. Reprinted by
permission of ASM International, Materials Park, OH.




Fe-C system

2 important points
« Eutectic (A):
= vy + FesC

» Eutectoid (B):
v(0.76 wt%C) = a(0.022) + Fe3C(6.7)

120 ym
Result: Pearlite = alternating
layers of a and Fe;C phases

(lamellar

structure)
Fig. 11.26, Callister & Rethwisch 9e.

(From Metals Handbook, Vol. 9, 9th ed.,

Metallography and Microstructures, 1985.

Reproduced by permission of ASM

International, Materials Park, OH.)

T(°C)
1600
1400
1200F T
(austenite) . <
1000 J+FesC =
3
800 I
a 2
Q,
— a+FesC L
I l | | | I | |
400 bt !
0 3 4 5 6 6.7
Fe) 0.76 4.30 C, wit% C
0.022 Fe;C (cementite-hard)

Fig. 11.23, Callister a (ferrite_sof’[)
& Rethwisch e.

[Adapted from Binary Alloy Phase Diagrams, 2nd
edition, Vol. 1, T. B. Massalski (Editor-in-Chief), 1990.
Reprinted by permission of ASM International, Materials
Park, OH.]



Microstructure of eutectoid steel (pearlite)

1100

Austenite grain
boundary

1000

900

Austenite
(y)
800

Cementite
(Fe3C)

Temperature (°C)

Growth direction 3 ‘

700 ] of pearlite

Carbon diffusion Nucleation and growth of pearlite

colonies [Source: V.D. Kodgoire,
S.V. Kodgire, 2010]

600 [

500

I
Fere) AN B L. R B R R I

0 1.0
Composition (wt% C)

The eutectoid steel exhibits a structure similar to the eutectic structure discussed
earlier, that is a lamellar structure consisting of (o ferrite and Fe;C cementite). The
thickness ratio of layers found in eutectoid steel is 8(at):1(Fe;C).




Pb,Sn system)

(O]

-

<EHOf

fraction)2 AHEH & (phase diagram)Oi|

=

q

o

-
(@)

1

(diffusion) | O Of

T

o

—

274 4G 57| 25}

a7t =i

En

HE|

Recall lamella structure.

-

O

2|1 lamella
2|5l Pb, Sn &

2t =Lt

A

direction

Eutectic
growth

100
(Sn)

—

[T}t A O] 2
2 SHIY 77
TE)

Q
—
a4

578 1°

7.8 wt%
Sn)

80

Sn)

60
(61.9)

_




AMHEl =2 =2

L
Of2H-= Fe-C binary systemO| A austeniteZf cementite2} ferrite 2 M HE| 7} M= A=
dFot= ZA L O|C} (eutectoid reaction; one solid -> two diff. solids)
Eutectoid Fe3(_:
i transformation (cementite)
(Austenite) e ———— ) +
a
(ferrite)

Cementite= intermetallic compound; Fe 2f C 7} ‘Hol| &l H|=(3:1) =2 H=tot H| == EX| 5| OF oHCt,
et XM= oF | X| 2 Felt 7t =X Sl OF SFL} — diffusion 2 R ;

Diffusion= A|ZFdt 2 = 0 X|H} £| = mechanism O] C}.

[THErA] (2] S RHE = AlZP0f| Hehs 2e0h 5, ?2 S HE7F 2d5H7| 26 =
Mok A|ZP0| E Q 5t}

=ICHE A IE|O| E RS A|ZH0] 57{L, BO|E & X0| ASHO|Ch A HIEfS| £ T o
S Z OIXb 52 MHENS| SES HHEOZ QlshA O 40| 42k




UM AR, JHE = =W H o = DHSHA| B0 CHE HHe 2= FO{ T 2t (71, ¢, P)Of| k2t
‘B0 FEpTICt metA 7| E9| 8HE(Ty, ¢, P1)O| B Ol MZ2 BHE(T,, Cz,Pz | 01"' [,
7|Z0| BEUE Ol MZ22 280 S €= S22 ‘HEE 4 QUCEH Dot JRHES| apE 2
A =7t THA = LEEFEC,

o
= 280 H= BEIYES 40| 02 22 LHO| HEHZ LIEfLI= B (~ =712 /XS 2 O|FO{T
@A, E= 6—'1nuc|el, =2 seeds 2t £ &)

2. (ME22 &29) % (growth)
2ot =0| o & HO|Z Xi2te= THA.

> BHAEHOIA LIEHLHS 40| T 280| 0| Z0IX|H 52 (BE HE{=0H & 4

Austenite -> Pearlite = & & polycrystal austenite2| grain
boun dary(}”A-I oHOl AH A‘l =
SEo= 25

Austenite (y)
grain
boundary

pearlite * L& &) parent phase (7| =2
growth 2HE0A HERE &)

direction




oH A4 A
o

1 -
3—.%"8% FI7tX| HEf 2 LEEICH 272 7| &2 ‘L0 M s/l 4d0] RSt LP
1. @ (homogeneous) 2t

Nuclei form uniformly (or, in other word, randomly) throughout the parent phase (=& &}).
2. =1 < (heterogeneous) 2 4 M

Nuclei form preferentially at structural inhomogeneities: & 7| 2| 8, 2874 =& &, grain boundary, dislocation
50| M FA(site)E XS THCL.

7O SR =05t 1 §2|S o5 SR H 0| Tl SH/H SoHs
Ao Ot B xf




o E/E0E AHdSHU

tAF=0] I|qU|dM (liquid solution)O|
St ELA gas2d (gas + water mixture) 2 =
EH nuclei 7|‘ 7:” Eq(mterface)oﬂ o 7| =




o|=ofl hsh =2l 8t 7| SUsHA 7}
|4 X| (Gibbs Free Energy, GE H7|)

GFE (Gibbs Free Energy)
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Al
O| GFE = H| 5}

ZF AL
()

fixed)Ofl 2[5l K| 2F 1A
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GFE (Gibbs Free Energy)

Volume

Area = 4777'2

Solid-liquid
interface

Solid
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GFE (Gibbs Free Energy)
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OHAF  TT AL
o 71 nI N L N =]
— o
SOIEAGTeFo AAMEH IR
OH A} At
AGO—I|'U<K3|'—>_TI_)c\3|- > AGVﬁ o—>—T|—o ><_I?I_rl_l
O 2= AFE5H A =2fo 2 X}
1. <HO| WHE =M CHE Af&f(new phase)O| 4 A
Volume = ﬁ7Tr3 Liquid 7|F ool 7 ROl E AKX = FE T OfL E|', -1
> P = Apolof A AN AT
2. FALAHE A7 OHX[E 7HX| L RUCE:
OH Ak, T1 A}
MG 5 e >0 (¥
o
3. MefM AYO|M o= HHENO| MHE
i A0 E X X0 = & BA 0| 2|5 & ddt=
Area = 4mr? 71 O (contribution) = 11215l OFtLC}
Solid-liquid
interface
OH A} A} OH AL _ 71 AF OHAF(_)_I At
AGTSHE = AG, 1O TS x| +AG 5 " O X
o RHOIA S TI9h A2 B TOH: aglaut-salid.  aghaid-solid, eyl olidcq
o
O ZhfotA BSOS AG = Zmr3AG, + 4mrdy
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AHe: 28 &8 (8|0 EESt= EB); Ty,: melting temperature
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Nucleation rate, N
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X-ray diffraction (microscopy) — snapshots of various samples (thus requiring many specimens)

Real-time (in-situ) monitoring of changes in electrical conductivity (different phases have different
electrical conductivity) — only a single specimen is needed.

Measuring propagation of sound waves — only a single specimen is needed.



Rate of phase transformation
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Callister &

Avrami equation => y = 1- exp (-kt")
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Rate of recrystallization (pure Cu)

100 T T 11717

IIIIII|I|| I (/1 1

80 [—

60 113°C f102°C

40

Percent recrystallized

20

1 10 10
Time (min)
(Logarithmic scale)
Reprinted with permission from Metallurgical Transactions, Vol. 188, 1950, a publication of The Metallurgical
Society of AIME, Warrendale, PA. Adapted from B. F. Decker and D. Harker, “Recrystallization in Rolled Copper,”
Trans. AIME, 188, 1950, p. 888.
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(20

Rate of transformation (by convention) = ti = 0.04035 [ﬁ]
0.5



=0 2Elf(metastable state) 2t B 2 El (equilibrium state)

Recall that phase transformation is controlled by Temperature, (chemical) Composition and Pressure.
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