Dislocation and
strengthening mechanisms

ZolH: J|AMESS (MFA9009)

o
S

CH
YJEONG@CHANGWON.AC.KR

ox oA

[0 08

i P =

ot

AFLA. 452212 ™3} 055-213-3694

HOMEPAGE: HTTP://YOUNGUNG.GITHUB.IO



mailto:yjeong@changwon.ac.kr
http://youngung.github.io/

Recap

Crystal structure
Defects, point, lines, and bulk
Dislocation

Mechanical properties.
Yielding

Plasticity
Strain hardening.
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Slip system
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LA LS| M| 0| = &3Sl — grain boundary acts as barrier to dislocations

Substitutional solid solution strengthening — interaction between disl. And lattice
distortion

Interaction between dislocation and strain field — strain hardening (H& & 4'3}),
cold working (‘4 7F 71&)

Heat treatment (8 X 2|); Annealing, recovery, recrystallization and grain growth.



Theory of dislocation
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Dislocation and materials classes

» Metals (Cu, Al):
Dislocation motion easiest
- non-directional bonding
- close-packed directions
for slip

» Covalent Ceramics
(Si, diamond): Motion difficult
- directional (angular) bonding

* lonic Ceramics (NaCl):
Motion difficult
- need to avoid nearest
neighbors of like sign (- and +)

electron cloud
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Q) Why does disl. move along
close-packed direction?

a Closed-packed plane
H Less close-packed plane

Q) Does slip only occurs on close-
packed plane?

A) No. In case no close-packed plane
exists, less closed-packed plane
serves to accommodate dislocation
slips.
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Dislocation and strain field
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Interactions between dislocations




Dislocation density

Dislocation density is quantified as

The length of total dislocations [mm]/
volume [mm]3

Ilts unit is then [mm]~2 (or m™2).

Dislocation increase as plastic
deformation is applied. After certain
plastic deformation, the dislocation

density can increase to 101 %mm™2;

Frank-Read dislocation source =2




Lattice distortion induced by dislocation

Relatively more
densed

Strongest compressive force

Strongest tensile force

o = Ee ,thatisthe Hooke:s,law'in the elastic regime

-
-
-

Presence of dislocation causes ’glastl'c' strains to the neighboring atoms

-

In the scale of crystaLIatﬁEe

Remember

Less strong compressive force i

Negative net force

Attractive force Fy

! N

Attraction

Ry
[}
2 7 : :
S 7 Interatomic separation r
5 epulsive force F
E l
=
Q
[0}
o= Net force Fy
-

Positive net force

Aa ,f’A’a . . . . . .
o= IEva— 4" —is the engineering strain from lattice strain;
0

0
where a is the lattice parameter when the net

. A
Compressive force means 0<0; thus a—a<0; That
0

again means Aa<0 so that af < ay; Compressive
strain

force between atoms is zero (force equilibrium)

: A :
Tensile force means 0>0; thus a—a>0; That again
0

means Aa>0 so that ar > a,; Tensile strain
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Shear Extra half plane
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dislocation
line

(a)

Adapted from A. G. Guy, Essentials of Materials Sc



Dislocation motion

Dislocation motion & plastic deformation Mo oot A &8 - ML THO|

Metals - plastic deformation occurs by slip —an edge
dislocation (extra half-plane of atoms) slides through

lattice.
____________________________________________________ P mm m e mm e m e
1 1
oo Figure 9.1, page 269 | [ 7 !
: :
N L :
Shear force r |
. :
) 1 1
ip plane I 1
i ! 1
) -
s, Shear force ! !
line 1 1 Ft

hd ! o Normal ! F
Adapted from A. G. Guy, Essentials of Materials Sc : St ress :
1 1
! L cannot !
Dislocation moves by the shear force acting on the plane ! move !

where dislocations are gliding : dislocations | Slip Tl CHdl 7|20 % &l 2

i o ' A2 decompose
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Dislocation glide movie




Slip system and dislocation motion

A dislocation moves on a slip plane in a slip direction Slip system: a set of slip plane and slip direction

perpendicular to the dislocation line

The slip direction is the same as the Burgers vector direction

Usually denoted as {hkl}<uvw>;
slip plane family; slip direction family

Slip systems are usually a set of close-packed plane and close-packed direction

There are exceptions to this rule

Crystal Slip system No.
structure
FCC {111}<110> 12

BCC {110} *pencil glide*
HCP {0001}<1120> 3

*{110} Pencil glide means that any
direction on {110} plane may operate
as a slip direction

{110}<111>, {110}<112>, {110}<123> ...

_ Edge dislocation

Directipn

of motion , ) .
Fig. 9.2, Callister & Rethwisch 9e.
(Adapted from H. W. Hayden, W. G. Moffatt,
and J. Wuff, The Structure and Properties
of Materials, Vol. 1ll, Mechanical Behavior,
p. 70. Copyright © 1965 by John Wiley &
(a) Sons, New York. Reprinted by permission of
John Wiley & Sons, Inc.)

Screw dislocation

Direction
of motion N,



Deformation mechanisms

Slip System

Slip plane - plane on which the easiest slippage occurs
Highest planar densities (and large interplanar spacings)
Slip directions - directions of movement

Highest linear densities

/-

Fig. 9.6,

Close-packed plane

Callister &

Rethwisch 9e.

FCC Slip occurs on {111} planes (close-packed) in <110>
directions (close-packed)
=> total of 12 slip systems in FCC

Less close-packed plane (small
interplanar spacing)

— For BCC & HCP, there are other slip systems.

Note: BCC does not have closed-packed plane
HCP has both slips and twinning

Higher planar density, larger interplanar spacing

Larger interplanar spacing means less energy
barrier for dislocation to overcome to slip



Close-packed plane

Repulsive force occurs when disl. (atom) slips; the amount

Comparison Net force Fyy

Close-packed plane of repulsive force is less for close-packed planes
Less repulsive % ,
\ Attractive force Fy
force ¢
Plane s \
3 \
Z N
Plane 3
5ol L W/ —_
2 | // Interatomic separation r
S : / Repulsive force Fp
E <—1T70
{| ;
[3) |
o
|

Less packed plane (small interplanar spacing) = I

Large repulsive

force Easier to move on the close-packed
crystallographic plane; The same
reasoning is applied to easier motion
along close-packed crystallographic
direction

Plane

Plane




Shear force

‘ For a dislocation to slip, a critical amount of force is necessary \ Attractive force Fy

slip

Attraction
—_—
/4

—

Slip Plane

Intere

Maximum repulsive force

Repulsion

—

slip

Force F

1
in O

: O|S_!_Ip—§ Relates with Burgers

| OBt ‘shear’ >

I strain vector

I

1

1 Interplanar dhkl|7

| spacing Shear strain by disl. slip:
Shear force acting on the slip plane ! b

moves the dislocation Y~ 4




External load to shear force on dislocation

Shear force acting on the slip plane makes the
dislocation move

In reality, we do not apply the force to
individual dislocations

Oexternal

A

The tensile stress

acting on the cable of
ski lift

ot

4-#

v
Oexternal

’ Shear stress
acting on slip
system

Remember cable of ski
lift under tensile load

/ Oexternal

I m) Tslip system

How?

I
I
I
I
I
I
I
I
: Tslip system
I
I
I
I
I
I
I

- By resolving the
. external load to slip
ol system
Oexternal
R L e 7| M resolvel| £,

dE L2 ZoN O,

You can find what shear stress () is acting on the slip
plane along slip direction, provided that you know 1) —
the external stress (Oexternal); 2) Orientation of the slip Oexternal
system with respect to external loading Té:

Tslip system



Stress and Dislocation Motion

Onormal
Oexternal

<«

i Tslip system

Onormal does not contribute to dislocation slip;

Tslip system dOES;
Tslip system IS called resolved shear stress

* Resolved shear stress, trgg is obtained by resolving the :
externally applied stress on the slip system (plane/direction) :

Trss = Fs/Ag

slip plane
S
normal, ng 2

TRrss = O COS A cos ¢

F: externally applied force

A: the cross sectional area of the
external plane, on which F is operative
F,: Force that acts on the slip system
As: the area of plane on which F; is
operative.

ng: normal direction of the
crystallographic slip plane

Trss: shear stress acting on the slip
system (slip direction/plane)

cos A: direction cosine between F and
Fs

cos ¢: direction cosine between
normals of slip plane and the external
plane.

There can be many slip systems due to
(rotational) crystallographic symmetry

Among them, the one that exhibits the

maximum RSS will preferably slip.

An inverse question: How to determine
RSS? (to be discussed later)




Many potential slip systems exist.

External stress
== /r

/ Among potential slip
systems, find the one that

S has the maximum RSS

External stress \

1
/__\_ - -
7
7’
7’
7
7
7’

X




Where coordinate system transformation is required?

Critical Resolved Shear Stress . —— For dislocation to slip, this max.
Atom position when maximum E ‘\‘ force should be overcome.
repulsive force occurs i %
- - slip 5 o 1/\ Max. repulswg force is closely
2 g related with the CRSS
5 4 Repulsive force Fp Max
4= %l 7k > repulsive
& f’%—Net force Fiy force
» Condition for dislocation motion (= condition for plastic yielding):
If RSS reaches a certain (critical) value, the dislocation will start
moving
0} 0} O I Ease of dislocation motion depends on crystallographic orientation
T T T with respect to the external loading direction

Trss = 0 COS A cos @

—[®r=0 // R =0/2 1L R =0 cos A cos ¢: Schmid’s (orientation) factor
~ =90 | A=45° $= 90"

’ ¢=45 : o . . .
Dislocation slip condition (= atomic yield condition)

|
|
l l l TRSS = TCRSS
0) 0] 0)




Example: yield of single crystal

a) Will the single crystal yield? e = O EISAEG We Igarned this equatign tha‘t correlfates the external
b) If not, what stress is needed? loading (o) and the orientation of slip system (A, ¢).

Condition for
dislocation to slip?

T =T
Condition 1. External RSS CRSS

load of 45 MPa

Condition 1. TCRSS Pa

Condition 2. Slip

system characterized

Condition 2. Tgrgg = 0 cos A cos ¢
by 2 = 35° ¢ = 60°

= 45 cos 35° cos 60° [MPa
~ 45 %0.819%0.5 MPa]

Normal to

slip plane ¥
~Slip Checkl T j32|r |
direction ik o
Adapted from
Fig. 9.7,
Callister &
Rethwisch . L. . . .
%e. 45 MPa is not sufficient enough to activate this slip

system (4 = 35°% ¢ = 60°)



Example: yvield of single crystal

What external stress should be applied for a slip system to yield?

Dislocation slip condition:
Tcrss = TRrss

A single crystal is characterized by its orientation with
respect to the external loading (A, ¢) and CRSS (tcrss)

Dislocation slips when

Exercise 1.
Tcrss < Trss = O COSA cos P

For dislocation on (111)[110] slip system to slip, what tensile
stress should be applied? The slip system’s orientation w.r.t. the
tensile stress is characterized by two angles (¢ = 30°, 4 = 25°)
and its CRSS (TCRSS = 30MPa )

The yield stress (oy) to this single crystal
is:
TcRss

Oy

~ cosAcos ¢

oy — _ TCRSS 30 [MPa]
Y cosAcosd cos30°cos 25°

~ 38.2 [MPa]

__________________________________________________________________________________

Therefore, for deformation to occur the applied stress must be
| greater than or equal to the yield stress of 38.2 [MPa]



Example

.I.L

CHAE Bcciron2l [010] VRO 2 = OIFF &3 0| JfS| RICE,

A) 52 MPal| Q1% S 30| 7tsf &M, (110) HO| [111] 2 E 9| RsS?

B) THOF A) 9| =& A|AHEIO| cRSSZH30 MPa O| 2 H A B S 2[5 EQ0H XS HE
ALt £ of 0|: o|-L|-'.>

(Z0|) oy = CO:;iS;S 5 QF tres = o™i cos A cos S 22 AR SHE|, ST 2 X E
12 8ol & = QULCEL =

7|9l a2t A8 HRAULCE AL} o= HE 2| LHA
V-u = vquy + Vvyu, + vyug = |v||u| cos 8 [F2FA] 6 = cos™ [

[010]1t (110)= LtEfL= MBS AFESH] ¢, [010]1t [111] S LIEIL= HEHE
AESHY A5 oA, 0|§ 0| &30l A2t B)E = =+ UL



Slips of single crystal and polycrystal

Fig. 9.8, Callister & Rethwisch 9e.

. . Adapted from Fig. 9.10, Callister &
D'r eCtIOI"I Rethwisch 9e. (Photomicrograph courtesy
of C. Brady, National Bureau of Standards
of force

[now the National Institute of Standards and
Technology, Gaithersburg, MD].)

Comparison

Slip plane

Fig. 9.9, Callister & Rethwisch 9e. (From C. F. Elam, The Distortion of Metal Cryétals, Oxford University Press,
London, 1935.)

A single slip system is active. Orientations of grains are different from each other;
Orientation of that slip system to external force is Active slip system in each grain depends on the

the same. orientation of each grain




Slip in polycrystals

 Polycrystals stronger than single crystals — grain boundaries are
barriers to dislocation motion.

* Orientation of slip system (A, ¢) of a grain may differ from one to
another.

 For a given external load, trgs of a particular slip system will vary from
one grain to another.

» Among various slip systems of many grains, the slip system with the
largest R yields first.

 Other (less favorably oriented) grains yield later.

Important conclusions:
If you make grains oriented in a particular way, you would be able to
make the material stronger (by increasing the necessary oy)

~N

Most of strengthening mechanisms
focus on increasing Tcrss

~— DY
| Tcrss
Oy = COS A oS B Strengthening by crystal texture is limited
for crystal structures with high

crystallographic symmetry; why?

Because other members of the slip system
family will become active if the
orientation of grain is changed

2 Adapted from Fig.

9.10, Callister &

' Rethwisch 9e.

(Photomicrograph
courtesy of C. Brady,
National Bureau of
Standards [now the
National Institute of
Standards and
Technology,

4 Gaithersburg, MD].)



‘ Twin plane

(@)

From G. E. Dieter, Mechanical Metallurgy, 3rd edition. Copyright © 1986 by McGraw-Hill Book Company,
New York. Reproduced with permission of McGraw-Hill Book Company.



Compare twinned region with the slipped region

i Twin

7 planes

> Twin

igem—

(b)
Slip O] Z-iot B2 slipped Twin O] 243t A2 Twinned
regionO| A 2| 2 4|71 L O LIX| regionO| A 2| 2 2|71 O LIX]
U2 21 5 LS U2 ZXOCHELCH - B3| CHE

=gt & 2A S 7L




Anisotropy In oy

Strengthening by crystal texture is limited for crystal [

structures with high crystallographic symmetry;

Because other members of the slip system family will become ]
why?

active if the orientation of grain is changed

F Yet, the anisotropy on yield stress is shown in polycrystalline metal
| alloys; particularly crystal structures with relatively low-symmetry

aﬁz—t't:'f; » Can be induced by rolling a polycrystalline metal
- before rolllng -a after roII|ng |

—> Adapted from Fig. 9.11,

Callister & Rethwisch 9e.
(from W.G. Moffatt, G.W.
Pearsall, and J. Wulff, The
Structure and Properties of
Materials, Vol. |, Structure, p.
140, John Wiley and Sons, New
York, 1964.)

A certain crystal orientation is
preferably aligned along a particular
direction

Isotropic

because grains are
equiaxed and randomly
oriented.




Anisotropy In oy

Image from Olaf Engler, MSEA Vol. 618 p654-662, 2014

ND; normal direction TD ND

Cutting-off tensile
specimens at various
degrees from RD

RD; rolling direction

TD; transverse direction

Yield stress depends
on direction of
tension

\
Each grain has a difference
crystal orientation

Statistically

. Experiment
BBC2008 (16 parameters)
——— BBC2008 (8 parameters)

0 15 30 45 60 75 90




Anisotropy in Deformation

1. Cylinder of 2. Fire cylinder 3. Deformed
tantalum at a target. cylinder
machined 5 mm

from a Photos courtesy of
lled plate: Narmos Nationa
ro e p a e Labs. Used with
permission.
C
S
©
o
=
(@)
£
o l/-
plate
* The noncircular (ellipsoidal) end view show g_llck?_ess
Irection

anisotropic deformation of rolled material.
Earring profile of deep-drawn

cups




== A =2 Strengthening mechanisms (427 |

Reduction of grain size (grain size reduction;
Hall-Petch equation)

Solid solution strengthening (L& X| & 2})

Precipitation hardening

Cold-work (Strain hardening; work hardening)




Four Strategies for Strengthening:
1: Reduce Grain Size

O GBZ}slip &g = = 0|7
o Discontinuous lattice; Z2 =& /2O Z 0|5 €7
o [M2tM M7t GB EII_H A= &2k2 HHYOF BHCT,

' mlsorlentatlonu

—— e - — )

O Barrier’ stren_qth increases with increasing angle of Grain boundary~

o Hall-Petch Equatlon. Slip plane -

v

Oyjeld = Op t kyd_l/2 N

\ Grain size, d (mm)
Oyield: &= 735 N ~ e LA
0o, ky M= &< (material constants) A
d: average grain size (diameter) 150

100

Yield strength (MPa)

50

| \

8 12 16

s

V2 (mm-1/2)

Methods to reduce
grain size

1. Rapid cooling from liquid state

D Inducing more nuclei to grow

S ] e ..

\ 7
nuclei crystals growing

liquid

2. Cold work

SPD; Grain fragmentation

Smaller grain size: more barriers to overcome

material
strengthening



Four Strategies for Strengthening:
2: Solid Solutions Strengthening

Before discussing the solid solution hardening, we will briefly discuss what is a solid solution.

In chemistry, a solution is a homogeneous mixture of one or more solutes in a solvent.
e mm e e mmmmm e m— -
1 Solute (£ %&): minor component

1 Solvent (2 0H): soluteE =0|= =& (host)
| o e e e e e e e e e e e e e e e e e e e e e e e e = = = -

You all might be familiar with liquid solution such as saline water (2B =).

Saline water is a mixture of NaCl and H,0. H,0 is the solvent, which is in its liquid state. \
Notice that 1) NaCl is the minor component, whose amount is less than the solvent R :
water and 2) NaCl is ‘homogeneously’ distributed in the solvent.

There are different types of solutions, where the solvent exists in its gaseous or solidus state.
For example, the air you inhale in the class room is a solution, which is a mixture of oxygen,
nitrogen and others. Carbonated water (Et <) is also a solution where the solute is a
gaseous substance (dioxide; O| 2t EFAY) and the solvent is water.

Solid solution is a type of solution where solvent is in its solidus state. A good example is the
steel, where Fe atoms are the solvent and carbons are dissolved in Fe. Development of

hydrogen storage alloy is actively studied, which can serve to 'store’ hydrogen safely.




Four Strategies for Strengthening:

2: Solid Solutions Strengthening

Impurity atoms distort the lattice & generate lattice stress (strains).

*(Stress) strain fields act as barriers to dislocation motion (either repulsive or attractive).

« Smaller substitutional impurity

—

>

@)
>l

<~

Repulsive force:

CHtR =
dislocation=
O [}

Impurity generates local stress at A
and B that opposes dislocation motion

to the right.

—

 Larger substitutional impurity

o

Attractive force:
iE| L|-7|- L
o RbL

== dislocation= &=

Ct

S
Impurity generates local stress at C
and D that opposes dislocation
motion to the right.

Lattice distortion (either compressive or tensile)

prohibits dislocation motion

material
strengthening




Four Strategies for Strengthening:
2: Solid Solutions Strengthening

Large impurities tend to concentrate at dislocations (regions of tensile strains)

tensile OO0COOOO +  gmall impurities tend to
OOOCO0OO concentrate at dislocations
00090000 (reg_ions of compressive strair]s) -
O000O0O0O partial cancellation of dislocation
compressive strains and impurity
OO0 Q(b)Q OO atom tensile strains
Compressive OO0OO0O00O Large irtnp’:Jrititaz_allso tte_nd to
concentrate at dislocations
OOCOO00 (regions of tensile strains) - partial
QOOROOO -
------------ cancellation of dislocation tensile
00O OO0 strains and impurity atom
(a) OO00O00O0O compressive strains

(b)

Dislocations are ‘pinned’ by solutes (either big or small)

Relatively more
densed
(repulsive force)

material
strengthening



Example of Solid Solution Strengthening: Cu-Ni alloy

Pure metals are usually ductile and weak alloying Strength t P | Ductility

Y=/BE Bt A1K0]
242 o[ofFILt

» Tensile strength & yield strength increase with wt% Ni

|
|
|
. |
© = 180 '
= & 2 T T 1
= 400 =3 !
= P I
(®)) = |
c 2 120 g %0
© 300} 1 S I | 2
17 += =
@ g IR
2 p00 b1 1 S 60 —L—L L 3 B
2 0 10 20 30 40 50 > 0 10 20 30 40 50 )
wt.% Ni, (Concentration) wt.%Ni, (Concentration) : S
|
|
: 20 | I | |
: 0 10 20 30 40 50
: Nickel content (wt%)
« Strength: 2= : «“
* Hardness: 4 & '
« Concentration: &&=
« wt (%): weight percent; FA|H| (&&= TH¥|); cf. at%; & AHH|



Four Strategies for Strengthening:
3: Precipitation Strengthening (Age hardening)

2 .
== Metal solid can
A o
High Air can dissolve A dissolve C amount
temp. amount of water of solutes
LH 7} 2. Fast Cool
o 7—I down
(Quenching) '
Low Air can dissolve a bit Metal can dissolve a bit
temp. less amount (B) of less amount (D) of
CUELEL solutes

(history)O]| 2|3l C
sizeQ| LZH0|7
M=EIC}H

-_ —

Cis still ‘dissolved’
(UL

il N B b T

Solute

Matrix

atom atom

1. Solution heat
treatment

Giving no time for
C to diffuse

Precipitates

| 4. Aging (holding !
| temperature) :

T o o o o o o o e

* Let the chemical
compounds of
metal/solutes form ->
2"d phase particles

* Size of the particle
depend on the temp
and the time



Four Strategies for Strengthening:
3: Precipitation Strengthening (Age hardening)

\

Solute
atom

Matrix
atom

.'.‘}:\I.-GA.'QQ Sc-0.047 Zr alloy

40 im
Fuller et al. Acta Mat. 51 (2003)

Precipitates: finely dispersed second phase particle

» Hard precipitates are difficult to shear.
Ex: Ceramics in metals (SiC in Iron or Aluminum).

—
= =]
@ o
=
()
©
(D — - —
> :5:?:?:2:2:2:
o
>
Q
o -
= ammlfii-l

precipitate

“spacing

----------- ) | sites with spacing S.

Large shear stress needed to
move dislocation toward
T precipitate and shear it

............. (| Dislocation advances but

precipitates act as ‘pinning’

Slipped part of slip plane

Applications

Aluminum is
strengthened
with precipitates
formed by
alloying.

Chapter-opening photograph, Chapter 11, Callister &

Rethwisch 3e.

(Courtesy of G.H. Narayanan and A.G. Miller, Boeing Commercial Airplane
Company.)

Adapted from Fig. 17.20, Callister & Rethwisch 9e. (Courtesy of G.H

Narayanan and A.G. Miller, Boeing Commercial Airplane Company.)



Dislocation Pinning Points

Dislocation pinning mechanisms provide strengthening by
hindering dislocation motion

3 main sources of pinning points are discussed below

Point defects Another dislocation; Dislocation jogs, Dislocation kinks

Alloying element is ‘foreign’ to matrix; thus forming

Alloying elements . . : . :
ying point defects which arise stress to the adjacent lattice

(2" phase) Precipitates




Four Strategies for Strengthening:

4: Cold Work (Strain Hardening)

Cold Work (‘& 7t 715): plastic deformation
at room temperature (for most metals).

Conventional cold-work process usually reduces
cross sectional area

-Forging f°$e -Rolling
=& .9
N =
force

-Extrusion

-Drawing A,

container

extrusion |
force

m tensile force
M container die

Adapted from Fig. 17.2, Callister & Rethwisch 9e.

Amount of cold-work is estimated by %CW

Ag — Aq %100 Ay initial cross section area
Ay Aq: final cross section area

%CW =

die holder Aq

Dislocation T

Grain size l

"y > L

Hot forgingdm 40s

gg”'eé’rﬁqn and,‘.AII...

> ‘Li

Cold drawing 1m 28s

Material
Strengthening

i@ Technoerotlc 8 ..

How It's Made...

Cold extrusion 1m 49s



Dislocation Structures Change During Cold Working

o o mm mm mm mm mm mm mm mm mm Em Em Em mm Em mm mm mm Em mm Em Em o e Em mm e

Plastic deformation that occurs during cold-work :

generates more dislocations, which means that the

space between dislocations decreases

1
|
I
1
1
(disl. density increase)— |

Dislocation density M 2= (pq)=
— Carefully grown single crystals

> 103 mm=2

1 — Deforming sample increases density

> 1091010 mm-2

— Heat treatment reduces density

> 105-10% mm2

Yield strength increases as p,4 increases

0.2 pm
Dislocation structure in Ti after cold working.

Dislocations entangle with one another during cold work.
Dislocation motion becomes more difficult (strengthening)

e e e e e e o o o o o o g0

C C |
@ Repulsion @ :
- — I
|

© © .

T (a) T :

|

T

c Dislocation |
Attraction @ annihilation |
> < . J_ + = J— I
’ —|— —l— I
(Perfect crystal)
T

€ (v !



Impact of Cold Work

As cold-work is increased

* Yield strength (oy) increases.
» Tensile strength (TS)
increases.

 Ductility (%EL) decreases.

25 TN BE 52
2ot MBE L ZEE £0]7)
oo} W7E7t8-2 £O0|H 9140]

AAAEA RO 72

47E 7130 O3 BE SOt SE-BEE
ZHoE S 4 olck

Changes in stress-strain curves of low
carbon steels with increasing cold-work

_________________________________________________________

I I | I
OO 0.05 0.1 0.15 0.2 0.25

Strain




Mechanical Property Alterations Due to Cold Working

« What are the values of yield strength, tensile
strength and ductility after cold working Cu?

A A nDZ mD3 0 2
Copper 0~ Ad 4 4 0 — Y4
%CW = x100 (% = ——Xx100 =———x100
Cold Ao = D D3
Work 4
o eun 1522 —12.22 .
CW = ——=—7—— X100 ~ 35.6%
Do = 15.2 mm Dg = 12.2mm
— —~ 60+
< 700 < 8001 —
=3 S LT'_] Fig. 9.19, Callister & Rethwisch 9e. [Adapted from Metals
< < ~© 40 Handbook: Properties anq Selection: Irons
o 5001 o 600+ o and Steels, Vol. 1, 9th edition, B. Bardes (Editor), 1978; and
o c > Metals Handbook: Properties and Selection: Nonferrous Alloys
g g = and Pure Metals, Vol. 2, 9th edition, H. Baker (Managing Editor),
73] 300- 73] -8 20k 1979. Reproduced by permission of ASM International, Materials
kej /_ © 4001 s 20 Park, OH]
o 2 / S
> 5
1000 4+ v 1 1 - 200 I N N N | 0 I I N
0 20 40 60 0O 20 40 6 0 20 40 60

% Cold Work % Cold Work % Cold Work
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Heat Treatment (€ X 2|)

Moz &= 1t

ORX

MEZO0| E= 7ol 0[N =2 = BH=tA|7] Hote =9 B2t S &

Crret X 2| 7= 0] EMTHCt (A2 2 = control)

Aging (Precipitation heat treatment): A& =2 KA A7t 2o X 2| E S

I Mo = DS O0{LH O] Z &= S 7}: over-aging may reduce strength.
Annealing (2 E): 120 A7 =2 A7 MHS| H2ot= &

Recovery: cold-work= &0 20| Tl HMEE dLA|7]1,
Recrystallization (X -4 °): cold-work & @t dislocationf L& HH
GOl X[ 12 M| 22 grain (dislocation-free, strain-free)O| &S
Grain-growth; Grains created during recrystallization grows

Quenching (2% 'dZh): 120 =5E[0] U= 252 255 'd45t=
57d; steel2| B Martensite2t= = QHESHX| B O 2 2o & (phase)=

o o,

(e)
A= = QULY.



Effect of Heat Treating After Cold Working

* 1 hour treatment at T,,,,.,] decreases TS and increases %EL.
» Effects of cold work (strength & hardness) are nullified!

annealing temperature (°C) _
0’(])00 200 300 400 500 600 7080 e Three Annea“ng Stages:

To
= ~ 1. Recovery
=3 0 W 2. Recrystallization
o .
5 20 > 3. Grain Growth
Iz =
2 30 5
8 ©
2 20
/?& /?@O G/-a/
OOI/G Sfa///e G/‘Oh/
v %oy, %

Anneal: (7+%) 2 SIC}
Nullify: S3=|A| ST}



Three Stages During Heat Treatment: 1. Recovery

* Three Annealing stages:
1. Recovery
2. Recrystallization
3. Grain Growth

e Scenariol

Material is exposed to
high temperature
(T>TRoom) during
annealing

Note that diffusion
(24 of atoms are
promoted at
elevated
temperature

*Diffusion is discussed in Chapter 7

Results from diffusion

Reduction of dislocation
density by annihilation.

extra half-plane
of atoms

) . .

.::. Dislocations

Atoms diffuse )i ¢
to regions QO

of tension

extra half-plane of atoms

« Scenario 2
3. “Climbed” disl. can now = TR
move on new slip plane e bt —trr TLLY CEED bt
3(;1 C%r;}egyaégm;(l)eﬂave by 4. opposite disloqaf[ions
allowing disl. to “climb” O meetand annifilate

1. dislocation blocked:;
can’ t move to the right




Three Stages During Heat Treatment: 2. Recrystallization

Cold working Heating

* Three Annealing stages:
1. Recovery
2. Recrystallization
3.  Grain Growth

e

= — —

Work hardened Subgrains Recrystallization Recrystallized
grains nuclei grains

Energy state comparison Grains without dislocation

Grains with high Grains without is energetically more
dislocation density dislocation preferred.

Heat assists grains with high energy to
become new grains with low energy

See Fig. 9.21 Page 288

25

* New grains are forme_d that: -  (brass)
-- have low dislocation densities “ " Cu-zZn

-- are small in size alloy

-- consume and replace parent cold-worked grains.

33% cold F ¥ New crystals g
worked : a5 nucleate after A
brass \%_ G /¢ 3sec.at580° C.g

Adapted from Fig. 9.21 (a),(b), Callister & Rethwisch 9e. (Photomicrographs courtesy of J.E. Burke, General Electric
Company.)



As Recrystallization Continues...

* Three Annealing stages:

1. Recovery ,
R All cold-worked grains are eventually consumed/replaced.

3. Grain Growth

! Adapted from Fig.
% 9.21(c),(d),
Callister &
Rethwisch 9e.
(Photomicrographs
courtesy of J.E.
Burke, General
1 )
LC-ISI |7_|-7|-_IO_(COId'W0rk) %O|_I- Electric Company.)
S aor HFAHS
e 0| QO] LA

7|=0| AHY




Recrystallization

Recrystallization rate depends on 900
temperature and time. |
800 |— |
o |
Recrystallization process ° :
-'g 700 — |
& |
| Y 15 |
. = 600 [— |
elapsed time t = |
I |
£ 500 — |
t varies depending on > |

[&]

temperature T & :
€4 400 — |
= I
- I
|

300 | | | | | |
— = ~="" ta=1hour 0 \ 10 20 30 40 50 60 70

| Critical Percent cold work

T T (temperature) deformation
There’s a certain amount of deformation

needed for recrystallization to occur.




Recrystallization temperature

—————————————— Annealing temperature ( F)
. [
: Changes in cold-worked brass 500 400 600 800 1000 1200
; during 1 hour of annealing at 1 i ! N |
; 1 < Tensile strength !
| _ _varloustemperatures o . —— 150
2 | | -
Ch . < 500 | { %
anges in ) ! . Nun S
c | : 40
0 Q | I :é.‘
mechanical 5 | | =
ti @© 400 | \:\— 30 3
roperties @ ' T o
prop s __—Ductiity |
& | | 20
300 : ' ' : '
Recovery L Recrystallization I Grain growth
I I
Cold-worked A o5
and recovered ~mq'”}i%'.{.’ﬁ’,{”“ SRS
Cha nges in grains et D R v R
. . € 0.040 — i \New/ E /|
grain size E i grains | |
o 0030 , , —
N I I
® 0020 ! l —
£ , :
S 00101 ! — ! ]
© | 1 | l 1

100 200 300 400 500 600 _ 700
Annealing temperature (C)



Recrystallization temperature; Summary

Recrystallization process
| 4

elapsed time t

Tr = recrystallization temperature = temperature at which recrystallization just
reaches completion in 1 hour.

0.3T,, <Tg <0.6T,, T, : melting temperature

For a specific metal/alloy, T depends on:
The amount of cold work (% CW): Ty decreases with increasing %CW

«  Purity of metal: Ty decreases with increasing purity; Adding alloying elements
will delay completion of recrystallization.



Three Stages During Heat Treatment: 3. Grain Growth

» Three Annealing stages:
1. Recovery
2. Recrystallization
&l Grain Growth

After recrystallization, the grains are
dislocation-free. However, if
exposed to heat, grains further
grow.

The driving force for grains to grow
comes from grain boundaries (the
energy state of g.b. is higher than
that of grain). Therefore, by growing
grains (=reducing g.b.), the total
energy reduces. s

boundary motion

Adapted from L. H. Van Vlack, Elements of
Materials Science and Engineering, 6th edition. ©
1989 by Addison-Wesley Publishing Company, Inc.

At longer annealing time, average grain size increases.

-- Small grains shrink (and ultimately disappear)
-- Large grains continue to grow

< 0.6 mm—

S

Adapted from Fig.
11.21 (d),(e),
Callister &
Rethwisch 9e.
(Photomicrographs
courtesy of J.E. Burke,
General Electric
Company.)

 Empirical Relation (eq. 9.9): g‘r’]e:iactigztald:gg”ﬁe”t
exponenttyp. ~2 | / elapsed time
grain diam. \dn _d" = Kt/
at time t. o



Diameter Reduction Procedure

A cylindrical rod of brass originally 10 mm in diameter is to be cold worked by
drawing. The circular cross section will be maintained during deformation. A cold-
worked tensile strength in excess of 380 MPa and a ductility of at least 15 %EL are
desired. Furthermore, the final diameter must be 7.5 mm. Explain how this may be
accomplished.

What are the consequences of directly drawing to the final diameter?

N

Ay — As Ag
Cold %CW = X100 =(1——) %100
Work A() Ao
—>
H H
Do= 10 mm Df;7.5mm T[D?/‘l- 7.5 2
=(1-—"]x100=(1-(==) |x100
nD5/4 10

= 43.8%

The influence of cold-work on mechanical
properties should be found from database.




Diameter Reduction Procedure — Solution (cont.)

I [ | [ |
1120
800 |
1040 Steel )
. 700 — 100
S D
S 600 . 1=
Z ! —80 £
D 500 ' =
c | N o
Q a0l . ' 60 7
% 400 | | Brass | o
% ! - Q
© B P
S 300 i Copper| ,,
200 |4 i )
! 120
1000— |
0 10 20 30 40 50 60 70

Percent cold work

(a)

900

800

~
o
o

540
500

Tensile strength (MPa)
(o))
o
o

400

300

200

— T 1 T T T 1'% 171 7 T T
7040 Steel | 60 L\ N
—{120
- B 50 (— —
< 3
i —1005 m
- | 4 28" N
I 2 >
______________ &~ Brass_g G = 5 n
| I o ©
| -1 @ A
1 C
| ! 160 |2 20 -
1
| Copper 10 1040 Stee |
_— 1
1
' 40 6 COpper ™ m—
I N I I oL 1 || ™7
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Percent cold work

(b)
e For %CW =43.8%
— oy =420 MPa
TS =540 MPa > 380 MPa
%EL =6 < 15

Percent cold work

(c)

Fig. 9.19, Callister & Rethwisch 9e.

[Adapted from Metals Handbook: Properties and Selection: Irons and Steels,
Vol. 1, 9th edition, B. Bardes (Editor), 1978; and Metals Handbook:
Properties and Selection: Nonferrous Alloys and Pure Metals, Vol. 2, 9th
edition, H. Baker (Managing Editor), 1979. Reproduced by permission of
ASM International, Materials Park, OH.]

» This doesn'’t satisfy criteria... what other options are possible?



Diameter Reduction Procedure — Solution (cont.)

T T T T 1 T T T T T ' 7T 17 T T 1
1120 900 |- _
800 |— 1040 Steel 60 —
- 1120
1040 Steel -
—~ 700 — —100 13*800 —_
g 5 & 18 % -
S 600 1 X 2700 10T a
< 80 £ £ D R 40 —
= [@)] ()] — C <
o 500 | & £600- S
c o O =
o s = Brass g0 ¥ = 30
- — (%] - —
» 400 (— Brass 60 g ® 500 — | 2 g
o { 3 3 S
< 300(— Copper| 20 > '% 400 160 @ 1 ;0 —
80 | i
200 i w0l Copper| 101040 Stee |
—120 —40 I
L] I I I I B 200/|—|->| |1 ol |t ||
0 10 20 30 40 50 60 70 0 101220 30 40 50 60 70 0 10 202730 40 50 60 70
Percent cold work Percent cold work Percent cold work
(a) (b) (c)

Fig. 9.19, Callister & Rethwisch 9e.
[Adapted from Metals Handbook: Properties and

For TS > 380 MPa == > 12 O C\\ Soecton: o and Sieds, Vol 1, 9 eon, 5
Properties and Selection: N_onferrous Alloys and

For %6kl =15 < 27 O (b ) 1675 Reprocuced oy
permission of ASM International, Materials Park,
OH.]

our working range is limited to 12 < %CW < 27« 43.8%




Diameter Reduction Procedure — Solution (cont.)

Suggested solution: 1) Cold-work, 2) then anneal (RX), then 3) cold-work again
* For objective we need a cold-work of 12 < %CW < 27

— We'll use 20 %CW
« Diameter after 15t cold work stage (but before 2" cold work stage) is calculated as follows:

Find what value of the intermediate diameter D; will allow us to have the CW% of 20.

(1 —Df/D?)x100 = 20 (1—7.5/D?)x100 = 20

D; = 8.39 [mm]

Df = 7.5 mm

Anneal (RX) — nullify the effects of CW




Diameter Reduction Procedure —Summary

Stage 1: Cold work — reduce diameter T 1T 1] T T T 1
from 10 mm to 8.39 mm

8.39 mm\~ Foop
%CW ={1— (—) X100 = 29.6% $ ol *
10 mm A e ol
Stage 2: Heat treat (allow T e TR
recrystallization) ->recover to e v
properties before cold-work INERREER
Stage 3: Cold work — reduce diameter :

(%EL)
S

from 8.39 mm to 7.5 mm

Ductility

Fig 9.19 .
(1 —7.5%/8.392)x100 = 20 [%CW] —  Oy~340MPa .
OTs ~ 410 MPa S i e S S S

%EL ~ 23% e

Therefore, all criteria satisfied.



Recap

A SH| oot M2 0l 10 HE &d By

| —

Dislocation and lattice distortion
Interaction between dislocations

Slip system — closed-packed plane and close-packed direction.
Twinning. Difference between twinning and slip.
LA LS| M| 0| = &3Sl — grain boundary acts as barrier to dislocations

Interaction between dislocation and strain field — strain hardening (H& & 4'3}),
cold working (‘4 7F 7}&)

Heat treatment (8 X 2|); Annealing, recovery, recrystallization and grain growth.



