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Contents for previous class

Chapter 7: Diffusion

|. Introduction of diffusion
. Movement of atoms to reduce its chemical potential \.

> driving force: Reduction of G

Down-hill diffusion movement of atoms from a high Cg region to low Cg region.
Up-hill diffusion movement of atoms from a low Cj region to high Cg region.

ll. Diffusion mechanisms

Vacancy diffusion vs. Interstitial diffusion
(a) Self-diffusion
(b) Interdiffusion



Ill. Steady-state diffusion V. Non-steady-state diffusion

Concentration varies with position. Concentration varies with time and position.
. ’ . . y 2
Fick’s Frist law: | j_ _Dd_C Fick's Second law: 9C _ D o'C

dx ot OX’

Estimation of Diffusion Depth: Diffusion coefficient:

C, -C, X Qa

. =l-erf| —— D = Dyexp | —
C, -C, [2«/ Dtj 0xP (RT)
V. Factors that influences diffusion

Diffusion FASTER for... Diffusion SLOWER for...
open crystal structures close-packed structures
lower melting T materials higher melting T materials
materials w/secondary bonding materials w/covalent bonding
smaller diffusing atoms larger diffusing atoms
cations anions
lower density materials higher density materials




H2 : Chapter 7 example
IH : Chapter 7 ¥ & =X
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Contents for previous class

Chapter 1: Introduction

Chapter 2-6:
Atomic structure and interatomic bonding

Fundamentals of crystallography

The structure of crystalline solid
Structure of Polymers

Imperfections in solids

Chapter 7: Diffusion
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Contents for today’s class

Chapter 8: Mechanical Properties of Metals

e Stress and strain:
What are they and why are they used instead of load
and deformation?
e Elastic behavior:
When loads are small, how much deformation occurs?
What materials deform least?
e Plastic behavior:
At what point do dislocations cause permanent deformation?
What materials are most resistant to permanent deformation?
e Toughness and ductility:
What are they and how do we measure them?



» Load - The force applied to a material during testing
» Stress - Force or load per unit area of cross-section over which the
force or load is acting
» Strain - Elongation change in dimension per unit length
» Engineering stress - The applied load, or force, divided by the original
cross-sectional area of the material
» Engineering strain - The amount that a material deforms per unit
length in a tensile test
» True stress The load divided by the actual cross-sectional area of the
specimen at that load
» True strain The strain calculated using actual and not original
dimensions, given by &, In(l/l,)
» Young’s modulus (E) - The slope of the linear part of the stress-strain
curve in the elastic region, same as modulus of elasticity
» Shear modulus (G) - The slope of the linear part of the shear stress-
shear strain curve



|. Elastic deformation vs Plastic deformation

Elastic Deformation
1. Initial 2. Small load 3. Unload

bonds
stretch

return to
Initial

FA inear-
elastic

Non-Linear-
elastic

> O

Elastic means reversible! 10



Steel vs Ste

https://www.youtube.com/watch?v=SIFfY-MS3yA




Plastic Deformation (Metals)

2. Small load

bonds
stretch

& planes
shear

1. Initial

L

Plastic means permanent! linear linear

elastic stic
X ela }5

Iplastic 12




Il. Engineering Stress

 Tenslle stress, o:

Area, A —_

/
| 1

~

Ft
gzﬂ - N
/AO m?

original cross-sectional area
before loading

e Shear stress, T:

Area, A,—_|

1
1
1
1
1
1
1
1
1
1
|
~
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P S~o
- ~<~.
-7 =~
-
-
-
j

. Stress has units:

N/m?2




II. Common States of Stress

a. Simple compression:

Canyon Bridge, Los Alamos, NM
(photo courtesy P.M. Anderson)

v 5 F Note: COmpreSSiVE
Balgnced Rock, Arches structure member
National Park A

(photo courtesy P.M. Anderson) 0 (O' <0 here).
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II. Common States of Stress

b. Simple tension: cabl

F«/{ 4 OF
Ag = cross-sectional area
(when unloaded)

Ski lift (photo courtesy

c. Torsion (a form of shear): drive shaft P.M. Anderson)

b=l

Note: 7= M/AcR here. 15




II. Common States of Stress

d. Bi-axial tension: e. Hydrostatic compression:

(photo courtesy
P.M. Anderson)

Pressurized tank
(photo courtesy

P.M. Anderson)

Fish under water




. Engineering Strain

e Tensile strain: T v e Lateral strain:
_0/2
— i M £L :-i
Lo Lo Wo
<-Wo . v
>« | i
O /2 i

e Shear strain:

o .
)/
AX /) 5

L
|

po°

vy =Ax/ly =tan 6

90° - Strain is always
dimensionless.

<

Adapted from Fig. 8.1 (a) and (c), Callister & Rethwisch 9e.
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Stress-Strain Testing

e Typical tensile test machine

Load cell
1

[

extensometer

[
_ /Specimen

Moving crosshead

e —
—
—=
e
—x

Fig. 8.3, Callister & Rethwisch 9e.
(Taken from H.W. Hayden, W.G. Moffatt, and J. Wulff, The Structure and Properties of

l =

Materials, Vol. lll, Mechanical Behavior, p. 2, John Wiley and Sons, New York, 1965.)

» Typical tensile specimen » Other types of tests:

Reduced section

‘*—60 mm4>|

% -—-—+—-—-12.8 mm Diameter—
L

|<—5O mm —*—‘

- compression: Dbrittle materials

—-—(%—19 mim Diameter (eg Concrete)

- torsion: cylindrical tubes, shafts

Gauge length C9.5 mm Radius 18


http://www.ptli.com/testlopedia/subs/tensile.htm

Tensile testing of a steel specimen




V. Deformation

» Elastic vs. Plastic region

» Key points
1. Elastic modulus (=Young’s modulus), E
2. 0.2% (0.002 strain) yield stress, 0,

3. Ultimate yield stress, o4

4. Ductility, & Stress
5. Toughness =) deg o Outs
@)

6. Fracture stress, o;

7. Fracture strain, &

@gp ngtram



a. Elastic Properties

(1) Modulus of Elasticity, E:

(also known as Young's modulus)
e Hooke's Law:
o=Ec¢

0}
A (S
E
_____ g
Linear- ¢
elastic F
simple
tension

test

21



Properties from Bonding: E

» Slope of stress strain plot (which is
proportional to the elastic modulus, E)
depends on bond strength of metal

Strongly
bonded
(dF
dr

Separation r

Force F
o

bﬂnd Ed Fig. 8.7, Callister & Rethwisch 9e.
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Properties from Bonding: E Elastic modulus

> Elastic (Young's) modulus, E (Y) F _g

Cross AO LO
= sectional
§ length, Lo_>| area A,
§undeforme
. A
.
% deformed |2»F
» E ~ curvature at ro (the bottom of the well)
2 _
v d E) A
er o unstretched length
Energy o
I r
E is larger smaller Elastic Moc
If Eo IS larger

larger Elastic Modul

23



Young' s Moduli: Comparison

10° Pa

24

Graphite :
Metals phi Composites
Ceramics Polymers :
Alloys : [fibers
Semicond
1200
1000 — | piamond
600 — . .
Si carbide
400 —{ e Tungsten Al oxide ®Carbon fibers only
® Molybdenum @ S;j nitride
‘%%%hm s ®CFRE(|| fibers)*
Platinum iSi crystal oA a1
100 ¢ Cu alloys <100> Aramid fibers only
— ¥ 0
80 —| g SIVer, Gold ¢ c1oce coda 8AFRE(| fibers)+
60 — Alumlnu_m Glass fibers only
40 —] *Yiagnesium. *GFRE(]| fibers)*
® Concrete
20 — GFRE*
CFRE*
8 . ®CFRE(Lfibers) *
6 Polyester ®AFRE( Lfibers) *
4 = Li PET
PS
2 — PC ®Epoxy only
opp
1 — ®HDPE
0.8 —
0.6 PR e\Wood( Lgrain)
0.4 —
0.2 e DPE

Based on data in Table B.2,
Callister & Rethwisch 9e.
Composite data based on

reinforced epoxy with 60 vol%
of aligned
carbon (CFRE),
aramid (AFRE), or
glass (GFRE)
fibers.

MgEHoL x%ﬂa u



(2) Poisson's ratio, v

| - -
. | ~--_J v
< |
|
] |
I |
y I
| 7
o I P s
X /s

(a) Unloaded

€L

Poisson’s ratio

Estimation of v

Units:
E: [GPa] or [psi]
v. dimensionless

v> 0.50 density increases

< 0.50 density decreases
(voids form) .



Measured values of Poisson’s ratio

metals: v~ 0.33
ceramics: v ~ 0.25
polymers: v ~ 0.40

%

1. Al; O3 0.26

2. BeO 0.26

3. CeO, 0.27-0.31

4. Cordierite (2MgO - 2A1,05 - 5Si0,) 0.31

5. Mullite (3Al,O5- 28i0,) 0.25

6. SiC 0.19

7. SizNy 0.24

8. TaC 0.24

0. TiC 0.19
10. TiO, 0.28
11. Partially stabilized ZrO, 0.23
12. Fully stabilized ZrO, 0.23-0.32
13. Glass-ceramic (MgO-Al, 053 -S8i0;) 0.24
14. Borosilicate glass 0.2
15. Glass from cordierite 0.26

Source: Data from Ceramic Source ‘86 and Ceramic Source 87,

American Ceramic Society, Columbus, OH, 1985 and 1986.

26



(3) Other Elastic Properties

. M
e Elastic Shear
modulus, G: simple
torsion
t=Gy test
I\/I:
e Elastic Bulk P
modulus, K: ‘l’
AV L P
P=-K<7
VO pressure
test: Init.
: vol =Vo.
e Special relations for isotropic materials: Vol chg.
= AV
G= E K = E

2(1 +v) 3(1-2v)

27



(4) Useful Linear Elastic Relationships

e Simple tension: e Simple torsion:
5= FLo 5 =- vFWo q= 2ML
— — A 4
TF J M = moment
o2 a = angle of twist
AO — 1] M 7.
I 1L
4 Wo pl B
Y |
Y
>« | i —>{ 9r l«—
5./2 v i %g

« Material, geometric, and loading parameters all
contribute to deflection.
e Larger elastic moduli minimize elastic deflection.

28



Plastic (Permanent) Deformation

e Simple tension test:

engineering stress,o

(at lower temperatures, i.e. T < Tmei/3)

Elastic+Plastic
lat larger stress

permanent (plastic)
after load is removed

>
engineering strain,

p|a3tic strain Adapted from Fig. 8.10 (a),
Callister & Rethwisch 9e.

29



b. Yield Strength, oy

e Stress at which noticeable plastic deformation has
occurred.
“when £ = 0.002

tensile stress, 0 .
A o, = yleld strength

Oy -

Note: for 2 inch sample
€ =0.002 = Az/z

.. Az =0.004 in

. . —>
N l«— engineering strain, €

€ =0.002 Adapted from Fig. 8.10 (a),

Callister & Rethwisch 9e.

30



Yield Strength : Comparison

Metals/ Graph!te/ Composites/
Ceramics/ Polymers :
Alloys Semicond fibers
2000
e Steel (4140) At
@ 1000 —
—1 . Ti (5A1-2.55n) @
0 700 — *w {pure) - 8
600 — . cu (71500) CW @ 03
= 500 — *nio (bire) > a2
~— 400 — °Steel (4140)2 = 25
> 200 ® Steel (1020)cd |5 g9
— .=
b e Al (6061) 29 o 2 L 9 ﬁ
~ 200 —| *Steel (1020) hr 5"§ @ X 3
= s (pue) g > o8¢
® Cu (71500) hr © - =
(=2 E 3 2 %%
C 100 — = - 25
— - 2 = O o
O — = dry C o =
= 70— £% PC T &3
U) 60 — ® Al (6061) & ‘:. : N}flon 6,6 >:< g
50 — °/ (6061) S PE | 5=
T (] PP €5
D 30— £ $ HDPE S <
> 20 o c
= £
10 o Tin (pure) I LDPE

Room temperature

values

Based on data in Table B.4,
Callister & Rethwisch 9e.

a = annealed
hr = hot rolled
ag = aged

cd = cold drawn
cw = cold worked
gt = quenched & tempered

31



c. Tensile Strength, TS

e Maximum stress on engineering stress-strain curve.

Adapted from Fig. 8.11,

TS Callister & Rethwisch 9e.
__—F =fracture or
= .
I ultimate
=
o 7 strength
QO
S =
g) n Neck — acts
@ as stress
concentrator

engineering strain

e Metals: occurs when noticeable necking starts.

e Polymers: occurs when polymer backbone chains are

aligned and about to break.
32



Tensile strength, TS (MPa)

Tensile Strength: Comparison

Graphite/
Metals/ Cerapmlcs/ Polymers Composnes/
Alloys Semicond fibers
5000 ] C Tibers
lAramld fib
3000 — E-glass fib
2000 = oSteel (4140)at
. ® AFRE(|| fiber)
1000 = .¥v (pulre) 0D|amond ®GFRE(|| fiber)
—eTi (5AI-2.55n) ®CFRE(|| fiber)
— :é{??;lggoew Si nitride !
—] o & U (71500 Al oxide
oot€el (10
00 o8 &
200 —®Ta E)pure)
®Al (6061) & Si crystal oy '
—_— ood(|| fiber
100 = 1 <400>"  § Nylon 6,6 HHHBeD
— ®(Glass-soda g\c/;c PET T
gg — eConcrete  JigS :CFREEJ_ f=b§8
HDPEI AFRE(L fiber)
—_— Graphite
20 P LDPE
10

ewood (L fiber)

Room temperature

values

Based on data in Table B4,
Callister & Rethwisch 9e.

a = annealed
hr = hot rolled
ag = aged

cd = cold drawn

cw = cold worked
gt = quenched & tempered
AFRE, GFRE, & CFRE =
aramid, glass, & carbon
fiber-reinforced epoxy
composites, with 60 vol%
fibers.

33



Stress (MPa)

500

400

300

200

100

Figure 8.12 Iin the textbook

Tensile strength
450 MPa

Yield strength
250 MPa

34



d. Ductility
L, - L

e Plastic tensile strain at faillure: %EL = °© x 100
L,
A smaller %EL
Engineering
tensile 1
stress, o larger %EI\ 1 A,
// 0) Af >"< Lf
Adapted from Fig. 8.13, ///
Callister & Rethwisch 9e. // |
/

/
, , , >
Engineering tensile strain, e

* Another ductility measure: %RA = Mg © 2y X 100

0]

35



e. Toughness

e Energy to break a unit volume of material
« Approximate by the area under the stress-strain curve.

Engineering A small toughness (ceramics)

tensile | large toughness (metals)
stress, o |

I \
Adapted from Fig. 8.13,

Callister & Rethwisch 9e.

Engineering tensile strain, e

Brittle fracture: elastic energy
Ductile fracture: elastic + plastic energy

36



Stress

Tensile Test

High strength, low ductility, low toughness

High strength, high ductility,
high toughness

Low strength,
high ductility,
low toughness

Strain

37



f. Resilience, U,

« Ability of a material to store energy
— Energy stored best in elastic region

€
_ y
oyl l U = f ;O de
. i If we assume a linear
4 | stress-strain curve this
« : simplifies to
i 1
/ | _ r y-y
—{ <0002 &, Strain 2

Fig. 8.15, Callister &
Rethwisch 9e.
38



Large elastic strain limit of BMGs

Elastic Strain Limit
[ as % of Original Shape ]

BMG

Stress ¢ —»

Al alloy Ti alloy Stainless BMG Straing —>
Steel  (Liquidmetal®)

high resilience
A

Polymers

E——— L

* Resilience: ability to return to the original form, position, etc. » U = EZYE

ESPark Research Group 39



Large elastic strain limit of BMGs

ESPark Research Group

40






VI. Elastic Strain Recovery

D
Oy —
GYO —> |
¥| 2. Unload
7 I
%
S
7

1. Load 3. Reapply
M load
Strain
él - Ie-
Fig. 8.17, Callister & EIaStIC strain

Rethwisch 9e. recovery
41



VIl. Hardening

 Anincrease in oy due to plastic deformation.
Oy

_large hardening

Gy _
1
Gyo {7/ small hardening

! e
e Curve fit to the stress-strain response:
hardening exponent:
O~ = K(e )n/n = 0.15 (some steels)
7 T~ T to n = 0.5 (some coppers)

“true” stress (F/A) “true” strain: In(¢//¢,)

42



VIII. True Stress & Strain

Note: Cross-sectional area changes when sample stretched

» Truestress o -F/A o, =0(1+e
€

e True strain r = |n(€,/50) €, =In(1+e)

Stress

Engineering

Strain

Adapted from Fig. 8.16,
Callister & Rethwisch 9e.

43



Necking — Work hardening

Represented as O =0, + Kg" | Holomons eq

| L "N
FROM H.A,\\
'__.-"x
1,000l TRUE STRESS P .
TRUE STRAIN et .
=7 __—==""FROM R.A. WITH

—_— BRIDGMAN CORRECTION

5 600 ENG. STRESS 7
= ENG. STRAIN
w
0
400 -
- CURVATURE AT NECK
w / (r=6.5 mm)
7N
200[- -
AISI 4140 STEEL HOT ROLLED
0 | | |
0 0.2 04 06 08

STRAIN

i PSR .

44



IX. Hardness

Resistance to permanently indenting the surface.

Large hardness means:

-- resistance to plastic deformation or cracking in
compression.

-- better wear properties.

apply known force

measure size
e.g., ‘ of indent after
10 mm sphere removing load

— ™~ Smaller indents
D d mean larger
hardness.
most brasses easy to machine cutting  nitrided
plastics Al alloys steels file hard tools steels diamond

| I i seessle—t—

Increasing hardness

45



Hardness: Measurement

o Rockwell
— No major sample damage

— Each scale runs to 130 but only useful in range
20-100.

— Minor load 10 kg
— Major load 60 (A), 100 (B) & 150 (C) kg
« A=diamond, B =1/16in. ball, C = diamond

« HB = Brinell Hardness
- TS (pSia=pounds per square inch) =500 x HB
— TS (MPa) = 3.45 x HB

46



Hardness: Measurement

Table 8.5 Hardness Testing Technigues

Shape of Indentation

Formula for
Test Indenter Sidde Viea: Top View Load Hardness Number?

_:‘| = o P HE - 2P

—~f 7D[D — VD' — 7]

Brinell 10-mm sphere
of steel or
tungsten carbide

Vickers Diamond 1367 i Mﬂf] P HV = 1.854P/d]
microhardness pyramid \é{f-—__}—’ \< u}/

Knoop Diamond “— t b P HE = 14.2P/12
microhardness pyramid E— ___:E
bbh =711 'T_
hit =4.00 | —
Rockwell and Diamond

120 ol kg
Superficial cone 100 ke b Rockwell
Rockwell it 1, 4 in, 150 kg
diameter o 15 kg
steel spheres

2 For the hardness formulas given, P (the applied load) is in kg, while D, o, d;, and ! are all in mm.
Source: Adapted from H. W. Havden, W, G. Moffatt, and J. Wulff, The Struciure and Properties of Materials, Vol 1L, Mechani-
cal Behavior. Copyright © 1965 by John Wilev & Sons. New York. Eeprinted by permission of John Wiley & Sons, Inc.

3 kg PSuperficial Rockwell
45 kg

47



X. Variability in Material Properties

» Elastic modulus is material property

 Critical properties depend largely on sample flaws
(defects, etc.). Large sample to sample variability.

1
N[

e Statistics
n
— Mean X = an
n
- 2
Z(x,. — )_()
— Standard Deviation S = 1

where n is the number of data points

48



Xl. Design or Safety Factors

e Design uncertainties mean we do not push the limit.
 Factor of safety, N Often N is

O y between
O o = 1.2 and 4
working N :

« Example: Calculate a diameter, d, to ensure that yield does
not occur in the 1045 carbon steel rod below. Use a
factor of safety of 5.

O
o =Y 1045 plain A
) working N \ carbon steel: L
oy = 310 MPa 0
Jt(d2/4)

F =220,000N

d=0.067m=6.7cm

49



Summary
Chapter 8. Mechanical Properties of Metals

Stress and strain: These are size-independent
measures of load and displacement, respectively.

Elastic behavior: This reversible behavior often
shows a linear relation between stress and strain.
To minimize deformation, select a material with a
large elastic modulus (E or G).

Plastic behavior: This permanent deformation
behavior occurs when the tensile (or compressive)

uniaxial stress reaches ay.

Toughness: The energy needed to break a unit
volume of material.

Ductility: The plastic strain at failure.

50



Deformation

» Elastic vs. Plastic region
» Key points

1. Elastic modulus (=Young’s modulus), E

Fracture stress, O

2. 0.2% (0.002 strain) yield stress, 0,

3. Ultimate yield stress, o4

4. Ductility, €, Stress

5. Toughness =) jadg o) Ours
6. @

.

. Fracture strain, &

@gp ngtram



Engineering vs True Stress & Strain

True

Adapted from Fig. 8.16,
Callister & Rethwisch 9e.

Stress

Engineering

Strain

Variability in Material Properties : need to Statistics
Often N is

Material desi der o, / between
aterial design considering Oworkmg = W 1.2 and 4
Safety factor:

52
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