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Chapter 13:
Properties and Applications of Metals

ISSUES TO ADDRESS...

 How are metal alloys classified and what are their
common applications?

« What are the microstructure and general characteristics of
cast irons?

« What are the distinctive physical and mechanical properties of
nonferrous alloys?



Materials Design-for-Properties : “Alloyed Pleasure”

Periodic Table of the Elements

Period Grou oy,
. GKoSuetotero
1 - -’ KOREAN CHEMICAL SOCIETY 18
(1A) 3}8to] A 1S ¢ F=24 (VIIA)
H 1 He 2
Current ACS and IUPAC preferred. .
1 Hydrogen Helium
T 2 13 14 15 16 17 i
1s! (11A) o (ma) (IVA) (vA) (VIA) (Via) 152
- Mass number of most .~ Aloic Atomic weights are based on carbon-12.
Li alB8 4| ivie or besi-known symbol |Q) Bl imber Atomic weights in parentheses indicate the B 5|1C [N 7|0 s|F s|[Ne o
9 Lithium Beryllium D'SOIODE o Oxygen Name mosl stable or besi-known Isotope Boron Carbon Nitrogen Oxygen Fluorine Neon
6941 9218 Mass of the isotope ol weighl 159904 1081 12,011 14.0067 15,9004 1899840 211797
2s! 252 longast hali=iite 2saaps | lecion, 2522p! 2s22p? | 2s22p? | 2s22pt | 2s22p5 | 2s22p¢
Na (Mg . Al 5|Si P 15|S 6|Cl 7|Ar 18
3 Sodium Magnesium - Tra nsi “ on e' emen tS Ll Aluminum Silicon Phosphorus Sulfur Chlarine Argon
2208977 24306 3 4 5 6 8 9 10 11 12 698154 28088 WDI73E 206 35453 3/BHB
3s’ 3s2 (IB) (IvB) (VB) (VIB) (viB) | (ViB) | (1B) (11B) 3s23p! 3s23p? 3s?3p3 3s23p* 3s23p® 3s23pf
K 1e|Ca 2|Sc 2 |Ti 22 |V »|Cr 2|/Mn xs|Fe x|Co «|Ni =|Cu x|Zn x|Ga :|Ge :|As :|Se «[Br s[Kr s
4 Potassium Caleium Scandium Titanium Vanadium | Chromium | Manganese Iron Caobalt Nickel Copper Zine Gallium Germanium Arsenic Selenium Bromine Krypton
kel 4008 44,9650 4790 50,9415 51906 49580 55845 589332 5869 6356 5.4 6272 7261 749216 78.96 79.904 B3E0
4s! 4s? 3d'4s? 3d?4s? 3d%4s? 3d54s’ 3d545? 3df4s? 3d74s? 3df4s? 3d104s! | 3d104s? |3d!04s2dp’ | 3d'04s24p? | 3d104524p? | 3d!P4s?4p* | 3d'0ds?4p® | 3d' 04s24pt
Rb |Sr s|Y sw|Zr  w|Nb & |Mo «|Tc |Ru a(Rh ss|Pd s|AG 4« Cd |ln #|Sn %(Sb i |Te |l s:|Xe s
5 Rubidium Strontium Yitrium Zirconium Niobium |Molybdenum| Technetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
BHA678 876 889069 9.2 P2.9064 (==1:" % 90520 101,07 1029065 1064 107.868 112411 11482 1871 121,760 127,60 1269045 131,208
5s! 5s? 4d'5s2 4d?5s2 4d45s! 4d55s! 4d95s? 4d7’5s! 4dB5s! 4d10 4d'95s! | 4d19552 |4d1955?6p" |4d!95525p% | 4d'95s25p2 | 4d195s25p | 4d'P5s?5p° | 4d! V552500
Cs |Ba ss|La* s/|Hf ~|Ta =W «|Re [|0s |lr 7Pt w|AU w|HG |Tl s |Pb |Bi 8|PO At  s|RN s
6 Cesium Barium Lanth Hatni Tant Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
1329064 137327 1380065 17849 1809479 18384 1862 1902 19222 1965078 1969660 20059 204.3803 72 20898504 gia? 210 7.
Bs! fs? 5d'6s? | 4119602652 | 4114503652 | 41145d46s? | a1115d56s2 | 41'45d56s? | 4114507652 | 4f'46dS6s! [41'45d'08s! 41! 45d106s2 Aftisgitesigp! | 4/1454106s26p? | 41145q!0BsBp® | 41450 %8s 6p* | 4f'*5d'%Bs%Bp’ | 4f'*5d'0Bs"Bp”
Fr s |Ra ss|Ac** «|Rf 104|Db 10s[SQ 105|Bh 107|HS 10a|Mt 10s|- 110 |- 1M1
5 | Francum | Radium | actiium |Ruterordom| Dubrium |Seaborsium | Bahvum | Hassum | etnerim | % [ IMetal [ ]Semimetal [___|Nonmetal
2 2050 (22 1P el (58 o84 o6 =52 i) {zre]
75! 752 6d17s2 |5i146g27s? | 51'46d°7s? | 51'46d47s? | 51'46d57s? | 51146d57s? | 51'46d7Ts? |~ == =
Inner transition elements
Ce «=|Pr s|Nd &|Pm &|Sm &|Eu &|Gd &|Tb &|Dy e Ho &|Er e|Tm YD njlu =
Lanthanide series g Cerium  [Praseody teodymium | Promethi Samari Europi Gadolini Terbi Dysprosium | Holmium Erbium Thulium | Yiterbium | Lutetium
140116 14090765 14424 (1459 1504 151984 157,25 15800534 16250 164,00062 167.26 168.9342 17304 17487
4'5d'682 413652 At46s? 415652 418652 4176g? | 4i75d'6s? 419652 4119657 411852 | 4f126s? 4i136s? 4114652 | 4145d!6s?
o . - Th «|Pa o|U =[NP «|Pu o|Am o|Cm w|Bk o |Cf o|ES  oo|FM 100|Md 01 [NO 1o2|Lr 1os
Actinide series 7 Thorium | Protactinium |  Uranium Neptunium | Plutonium | Americium Curium Berkelium | Californium | Einsteinium | Fermium delevi Nobelit L il
Zz el 231 03588 23800891 e3n @44 @43 an? ean @518 &51) @sn =8 @sa (262
6d27s2 | 5126d'7s? | 51%6d'7s? | 5i46d'7s? 516752 5i77s? | 5176d'7s? 5{97g? 510752 5{117g? 5{127s2 513752 5114752 | 5{'46d' 752




Design-for-properties (since fhe Bronzé Age!)




Materials Design-for-Properties : “Alloyed Pleasure”

Industrial revolution The advent of high
Bronze Age Iron Age around 19th country entropy alloys in 2004
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Rising trend of alloy chemical complexity versus time. Note that “"IMs’ stands
for intermetallics or metallic compounds and “"HEA' for high-entropy alloy.



Classification of Metal Alloys

Metal Alloys
I I Adapted from Fig.
Ferrous Nonferrous 13.1, Callister &
: I I Rethwisch e.
Steels Cast lrons

<1.4wt%C 3-4.5wt% C\
T(°C) microstructure: ferrite,

16apo graphite/cementite

[Adapted from Binary Alloy Phase

1200 | n ¥ Diagrams, 2nd edition, Vol. 1, T. B.
e FeqC Massalski (Editor-in-Chief), 1990. Reprinted
» Eutectic: by permission of ASM International,
1000 .30 Materials Park, OH.]

y + Fe3C
800 i 7979C Fe3C
ferrite » Eutectoid: cementite
600 0.76 a+Fe,C
400! ] | ] ] | ]
0 1 2 3 4 5 6 6.7

(Fe) C,, wt% C

Fig. 11.23, Callister & Rethwisch 9e.



Production of Cast Irons

Fig.13.5, Callister & Rethwisch 9e.
(Adapted from W. G. Moffatt, G. W.
Pearsall, and J. Wulff, The Structure and
Properties of Materials, Vol. I, Structure, p.
195. Copyright © 1964 by John Wiley &
Sons, New York. Reprinted by permission of
John Wiley & Sons, Inc.)
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Steels

I
Low Alloy High Alloy

low clarbon Med carbon high éarbon
<0.25wWwt% C 0.25-0.6wt% C 0.6-1.4wt%C

|_I_| I I I | | |

|
: : heat : :
Name plain HSLA plain plain tool stainless
| | . treatable : |
» Cr,V Cr, Ni dr, \/ .
Additions none : none none Cr, Ni, Mo
| N'I MO | Mp | MOI W |
Example 1010 4310 1040 4340 1095 4190 304, 409
Hardenability O + + ++ ++ +++ varies
TS - 0 + ++ + ++ varies
EL + + 0 - - _ ++
| | | | | 1 . |
Uses auto bridges crank pistons wear drills high T
struc. towers  shafts gears applic. saws app[lc.
sheet press.  bolts wear dies turbines
vessels hammers applic. furnaces
| blades Very corros.
resistant

Increasing strength, cost, decreasing ductility
Based on data provided in Tables 13.1(b), 14.4(b), 13.3, and 13.4, Callister & Rethwisch Ye. W[ LLEY
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Mol At : Iron making — Steelmaking — Rolling

Electric Arc Fumace
Produces molten steel. Steel Refining Facility

= h‘/-o
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Iron Ore

S, *
§Y
Coal Injection

4

Continuous Casting:

e

Shbs Thin Slabs

Recycled St

Basic Oxygen Furnace
Produces molten steel,

&

Pig Iron Casting

Blast Fumace
Produces molten pig iron fromiron ore.



Mol At : Iron making — Steelmaking — Rolling
e B ———
» . - Coils
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Il. Nonferrous Alloys

e Cu Alloys

Brass: Zn is subst. impurity
(costume jewelry, coins,
corrosion resistant)
Bronze : Sn, Al, Si, Ni arg
subst. impurities
(bushings, landing
gear)

precip.. hardened
for strength

* Ti Alloys
-relatively low p: 4.5 g/cm3

vs 7.9 for steel

-space applic.

NonFerrous
Alloys

* Noble metals

-reactive at high T’'s -Ag, Au, Pt
-oxid./corr. resistant

e Al Alloys
-low p: 2.7 g/lcm3
-Cu, Mg, Si, Mn, Zn additions
-solid sol. or precip.
strengthened (struct.
aircraft parts
& packaging)
* Mg Alloys
-very lowp: 1.7 g/cm?
-ignites easily
-aircraft, missiles

* Refractory metals
-high melting T’s
-Nb, Mo, W, Ta

Based on discussion and data provided in Chapter 13, Callister & Rethwisch 9e.
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lll. Advanced Engineering Alloys

a. Superalloys

b. Shape memory alloys
c. Quasicrytals

d. Bulk metallic glasses

e. High entropy alloys



* Development strategy of completely new materials
a. Alloyed pleasures: Multi-metallic cocktails

b. Synthesize metastable phases
Equilibrium conditions — Non-equilibrium conditions
: non-equilibrium processing = “energize and quench” a material

TABLE 1.1

Departure from Equilibrium Achieved in Different Nonequilibrium
Processing Methods

Maximum Departure from

Equilibri k 1-1
Effective Quench Rate quilibrium (kJ mol-!)

Technique (K s™1), Ref. [25] Ref. [28] Refs. [29,30]
Solid-state quench 108 — 16
Rapid solidification processing 10°-108 2-3 24
Mechanical alloying — 30 30
Mechanical cold work — — 1
Irradiation/ion implantation 1012 — 30

Condensation from vapor 1012 — 160




Still design-for-properties, to enable new technologies

« Efficientenerg L arcer planes
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New challenges : Less use, Extend lifetime, Reuse!

CO, emission

Traditional materials

-~
b
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=
&
72)
e
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b}

N
o
O

Service life Current Year 2050

Extend lifetime, where possible, Reuse!



Materials design-for reuse ?

Machine design-for reuse!




Materials design for reuse

Damage process is incremental, and often local — repair opportunity

Two damage repair options possible:

- The metal autonomously repair damage — Self-healing

- Damage is repaired by an external treatment — Resetting




Self Healing New paradigm for structural material development
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- Transformation Kinetics in metals are slow at room temperature!




Commercialized self-healing polymer

COOL. N LITE

Healing agent's movement and reaction occurs even with small energy at room temperature




Self-healing metals current technical level

Prevention of microcrack propagation via healing agent

Al-3at% Si composite reinforced with 2 vol% NITI SMA wire Grabowski & Tasan, Self-healing Metals (2016).

/ Macro length scale =\
a. Healing agent
. SMA-clamp solder tubes/ coating electro-
(ex. SMA wire etc.) &melt capsules agent healing

ceramic -_'
. solder

~ CT scan of VHP dogbone

heating

Heating
or
E field

b. Healing Treatment & c. Local melting
(ex. Aging, electro pulse etc.) (ex. Eutectic phase, Sn etc.)

=
e
—

= Prevention of Macroscale crack propagation

For metals, restrictive thermodynamic / kinetic driving force for self-healing at RT!




Self-healing metals vs Resettable alloys

o self-healing: “autonomic closure of micro-cracks”

* resetting: “non-autonomic retrieval of crack-arresting ability”

Conventional Increasing Micro-crack Nt e
Alloy local stress nucleation

ST e

Resettable In-situ monitoring & Resetting : before critical level
Smart sensing for micro-crack  treatment of “damage” & feasible

: revert to the original
microsturcture

Different failure mechanisms require different resetting strategies



New challenges : Resettable alloys!

I u 1 . T
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Resetting treatment £ £3] £7| U|N|LA 2 3]E 7}'53l Resettable alloy!



Urgent need for mission change:

Materials design-for-“properties” & “reuse”




Chapter 14: Properties and
Applications of Ceramics

ISSUES TO ADDRESS...

* In what ways are ceramic phase diagrams different from
phase diagrams for metals?

 How are the mechanical properties of ceramics
measured, and how do they differ from those for metals?

 How do we classify ceramics?

 What are some applications of ceramics?

24



|. Ceramic Phase Diagrams

a. Al,O,- Ca,0,diagram: complete solid solution

Composition (mol% Cr,053)
0 20 40 60 80 100
2300

I J
2275+ 25°C

2200

Temperature (°C)

2100

2045 £ 5°C

2000 A|203 e Cr203 Solid Solution

| | | |
0 20 40 60 80 100

(Al503) (Cry03)
S Composition (wt% Cr,03) 273

Adapted from E. N. Bunting, “Phase Equilibria in the System Cr203-AI203," Bur. Standards
J. Research, 6, 1931, p. 948.




Isomorphous Binary Phase Diagram

Indicate phases as a function of T, C, and P.
For this course:

- binary systems: just 2 components (Cu and Ni).
- independent variables: Tand C (P =1 atmis almost always used).

Phase
Diagram
for Cu-Ni
system

(" C)

1600

1500

1400

1300

1200

1100 §

1000

(FCC solid

solution)
]

0

20 40

2 phases:
L (liquid)
a (FCC solid solution)

« 3 different phase fields:
L
L +a

a

Fig. 11.3(a), Callister & Rethwisch 9e.
(Adapted from Phase Diagrams of Binary
Nickel Alloys, P. Nash, Editor, 1991. Reprinted
by permission of ASM International, Materials
Park, OH.)

|
60 80 100 wt% Ni 26



Cooling of a Cu-Ni Alloy

* Phase diagram:
Cu-Ni system.

« Consider
microstuctural
changes that
accompany the
cooling of a

Co = 35 wt% Ni alloy 1200

- Cored vs Equilibrium Ph

First o to solidify:
46 wt% Ni

ases

Uniform Cgq:
35 wt% Ni

Callister & Rethwisch 9e.

TC Q) (liquid) L: 35 wt%Ni
, Cu-Ni
1300f- A a3 system
L: 35 Wt Ni 7 o
a: 46 wt% Ni 3
3 .
D wt% Ni
P 3 wit% Ni
SN 4 wt% Ni
o : \\\\\ : 3b wt% Ni
(solid) i ‘a: 35 Wt% Ni
1100 | : | |
20 30 35 40 50
Adapted from Fig. 114,  Cy wt% Ni

27



Ceramic Phase Diagrams
b. MgO-Al,O, diagram: Eutectic system

2800 _
Liquid Fig. 14.2, Callister &

Rethwisch 9e.

MgAl»Oy (ss) [Adapted from B. Hallstedt,

— 2400 — “Thermodynamic Assessment of
. the System MgO-AL,0,,” J. Am.
L Ceram. Soc., 75[6], 1502 (1992).
& B Reprinted by permission of the
= American Ceramic Society.]
& 2000
QU
o L
=
Q
= 1600 MgO (ss)
+ gAl204 (ss)
MgAl>04 (ss) +
AlLO
1200 23
! l | ! l !
0 20 40 60 80 100
MgO ..
(Mg0) Composition (wt% Al203) (A203)

MgAl, 0, (or MgO-ALO,) Spinel: 5 {H - 2184 28



Eutectic Systems

 For alloy of composition Cy = Cg

* Result: Eutectic microstructure (lamellar structure)
-- alternating layers (lamellae) of a and B phases.

o Micrograph of Pb-Sn
C_C) o
eutectic
L: Cywt% Sn
300 |
Pb-Sn :
system !
|
200 4\ : 5
7-E ! ! I
I I I
1 I |
I I I
100+ | | | 160 um
' a+f B: 97870 SN kg 4443, Callister & Rethwisch 9
: | ° 18.3 wt%Sn ! 5 (Flr%m Metals H:nififork, 9thidit‘i/glrfc\/ol. g,'
: I ! 1 Metallography and Microstructures, 1985.
1] ] 1! ] ] Reproduced by permission of ASM
0 :20 40 6d 80 :1 00 International, Materials Park, OH.)
18.3 Cr 97.8
Fig. 11.12, Callister & 619 C, wt% Sn

Rethwisch 9e. 29



Ceramic Phase Diagrams

c. ZrO,-Ca0 diagram: Eutectic system

T 7 7cke wuwst
A2 7% o]

— CaO A&7}
— Cubic phase QHd3s}

— Cubic + Tetragonal 4t
FE 32 5700

rja} Ao A =

O X 2 35} s 2% Zf%l;b(igs)
TR ] == 3 < Cubic 20, (ss)
5 +
— ]390] &2
R £ ubic +
?_]_'X(‘)] 94— K] E__,:’_L;I O]— @ Le00 Tetragonal
(Partially stabilized % )
Zirconia, PSZ) 66] }5] Tetragonal ~]
ZC288) Cubic Zr0, (
s ss)
— Y203, Mg0 = '\‘:\l: l s
= L . I = acl4ts
?_l-x(-)] QJ_X-H 1080 " Cubic + ‘\ H 0321409
7 Monoclinic_ Yy _ _ | Cazr0
— oha2F 5—7]—]\] Monoclinic ~\: . .
o o o 710, (ss) 'f Monoclinic
. X - o
CUb].CO] o}%p]-x] Il CaZr,0q CaZr,0q
%Sk | |
500
et 0 10 20 30
— 2FX ?_]_-75‘)1 _T'pj— (2+0,) Composition (wt% Ca0) s
xla 3 o Adapted from V. 5. Stubican and S. P. Ray, "Phase Equilibria and Ordering in the System ZrO2-Ca0O,"”
] __1_]-4 ]_ J. Am. Ceram. Soc., 60[11-12] 535 (1977). Reprinted by permission of the American Ceramic Society.

0
3000

Composition (mol% Ca0)

10 20 30 40

50

2500

Liquid

~ Cubic
~o + Liquid
\;

Liquid +
CaZrOg
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Ceramic Phase Diagrams

d. SiO,-Al, O, diagram: chz=f wstAate =

Composition (mol % Al,03)

20 40 60 80
2200
| | | | | | | |
2000 — Liquid T
Liquid
. +
| oS Alumina
s ' 1890 + 10°C
At 2 =
o O i g 1800 i Mullite
5] ’ . - )
Cristobalite 2 Gisiiails | it Mulltes5) (ss) \
: LS Liquid taiad |
Flgure 4.11 , ; Liquid [ Alumink
1600 = \/ 1587 £ 10°C © | Mullite (ss)
: Mullite (ss)
Mullite B .
3A1203-2Si02 Cristobalite -
1400 | | | | | | | \ |
0 20 40 60 80 100
(3102) Composition (wt% Al,03) (Al03)

Adapted from F J. Klug, S. Prochazka, and R. H. Doremus, “Alumina-Silica Phase Diagram in the Mullite 11
Region,” J. Am. Ceram. Soc., 70[10], 758 (1987). Reprinted by permission of the American Ceramic Society.



Ceramic Phase Diagrams
b. MgO-Al,O, diagram: Eutectic system

2800 _
Liquid Fig. 14.2, Callister &

Rethwisch 9e.

MgAl»Oy (ss) [Adapted from B. Hallstedt,

— 2400 — “Thermodynamic Assessment of
. the System MgO-AL,0,,” J. Am.
L Ceram. Soc., 75[6], 1502 (1992).
& B Reprinted by permission of the
= American Ceramic Society.]
& 2000
QU
o L
=
Q
= 1600 MgO (ss)
+ gAl204 (ss)
MgAl>04 (ss) +
AlLO
1200 23
! l | ! l !
0 20 40 60 80 100
MgO ..
(Mg0) Composition (wt% Al203) (A203)

MgAl, 0, (or MgO-ALO,) Spinel: 5 {H - 2184 »



Il. Mechanical Properties
14.6 A2k o] %4 51 3]

Ceramic materials are more brittle than metals.
- A= Q| b A| Of| L X| &7t H2| gi0| FHdutn|E g2 Z

Why is this so?

* Consider mechanism of deformation
— In crystalline, by dislocation motion
— In highly ionic solids, dislocation motion is difficult
* few slip systems

* resistance to motion of ions of like charge (e.g.,
anions) past one another

33



Fracture Toughness
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Based on data in Table B5,
Callister 7e. 34



= Yo/ ma
MPa+m)

(

K

Foll 4 A 2}e] A) 2 3]

600 700 800 900
Strength (MPa)

500

400

300

0.008
0.006

Static Fatigue or delayed fracture

Sth7] % %7)9

0.004

ainjoel} jo Aouanbaid

,._w._u,o
S
CRNG ﬂ_
+ o=
R ET
oo WX
oK
< P2
R
; BT
O o) 3
" Yy
- Cay
w T
M A
D

(-

0.002

O
&9
=7
™

f

3
o] 108174 =

=

Ao 9

T
-

2 o] 4

o Z47} glo] Aleke ol A <)

N
o

7F Q7 A B oF

ol=
H

2=
1
T

a

o«

ot
Z_ 1Y
o
A

0.000

M

o
iz

=y

35



Figure 1727 el ¥ T o] A AR$E 2
571 AIEY 7] 5% (oil bath) el A Zd-271A4] W2t
FHI T2 W7y H2TFAolsr] el b o= T

I I T N N A A N N A I A
—-120 —-80 —-40 0 40 80 1210

Compression Stress (MPa) Tension
From W. D. Kingery, H. K. Bowen, and D. R. Uhlmann,
Introduction to Ceramics, 2nd edition. Copyright © 1976 by
John Wiley & Sons, New York. Reprinted by permission of 36
John Wiley & Sons, Inc.



« Al2be o) whw

o] A= oL
A 3}sk= <k
o d a7t 745
WA = (e T4 &5
Terminal speed)] of =EHA]
(‘ITE]“] 37, =59 %)

T E2 7HA & X A E =

i
s

Origin

Impact or point loading

(a)

— Origin

Bending
(b)

Origin

Internal pressure
(d)

AWEA 1 ] S 572 Bk <17}
S Aelo] me A E e
1:_1 A o] R Al 37



« Al2be o) whw

b. I2H (Fractography) Figure 14.7 3|/ Alg}e] o] sttt ol A #2H =
Ant3l 54 A E

Hackle region
, 88 g &
WA E] ElA b =3 V Mist region
iigﬂ'&; %iu%’ * AW A/ [,/ 2agnaa9as
_(.3 o= Source of “ ‘J\vUA 3/ Smooth mirror
‘\J} Pt R region

YASE oA

FERERLEE NS
= 5. E O Oy i
o] EX s EA S - failue

™m 21,
Adapted from J. J. Mecholsky, R. W. Rice, and S. W. Freiman, "Prediction of
Fracture Energy and Flaw Size in Glasses from Measurements of Mirror Size,”

o =% 7 A J. Am. Ceram. Soc., 57[10] 440 (1974). Reprinted with permission of The American
=9 & — /= — , P P
© ™ o ]-T ]- ‘_LT rm‘L Ceramic Society, www.ceramics.org. Copyright 1974. All rights reserved.
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Origin Mirror Region Mist Hackle

Fig. 6 Fracture surface around origin. Origin is surrounded
with mirror region, which is covered with mist Hackle
mark. Failure stress can be estimated using radius of the
mirror region.

allner Lines 3} CFA] A A) =] &= E)

Fig. 10 Fracture surface around origin. Radial Hackle
marks, symmetrical Wallner lines with Arrest lines are
existed

Mist region Hackle region

Origin Mirror region

Fig. 4 Secondary Wallner lines created by crack
propagation with bending stress. Cracks run left to right
(arrow mark).

39
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Flexural Tests — Measurement of Elastic Modulus

« Room T behavior is usually elastic, with brittle failure.

« 3-Point Bend Testing often used.
-- tensile tests are difficult for brittle materials.

- F
Cross section : ! Adapted from Fig. 14.9
€ L/2 »l€ L/2 > Callister & Rethwisch 9e.
@
b : o = midpoint
rect. Circ. SEEEE— B

« Determine elastic modulus according to:

AF 3
E = | - - (rect. cross section)
F 0 4bd
slope = —
’ E = F_L (circ. cross section)
>0 5 127R*

linear-elastic behavior 40



Flexural Tests — Measurement of Flexural Strength

« 3-point bend test to measure room-T flexural strength.

Cross section

ile

Adapted from Fig. 14.9,
Callister & Rethwisch 9e.

b . l 0 = midpoint
rect. Circ. @ A I L _
deflection
location of max tension
«— —>
 Flexural strength: « Typical values:

3F] Material ofs(MPa) E(GPa)
f (rect_ Cross Section) S| n|tr|de 250'1000 304

O =
® 2bd? Sicarbide  100-820 345
£l Al oxide 275-700 393
o =1 (circ. cross section) glass (soda-lime) 69 69

fs 3 Data from Table 14.1, Callister & Rethwisch 9e.
JU R ’ 41



Figure 14.10 2

250

200

150

Stress (MPa)

100

50

rensl fele) £2 AFE AE SHAS
A2k o] © A% = 70 ~ 500 GPa ¥ 9] 21T o7k =8

o

Aluminum oxide

0 0.0004 0.0008 0.0012
Strain
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14.8 2274 F 7|7
Consider mechanism of deformation
In crystalline ceramic, by dislocation motion

In non-crystalline ceramic, by viscous flow

s

Viscosity (7): W1E 2 A 5o Mol ot

)

e

Tt __ F/A
= dv/dy - dv/dy

H2]: P (poise) or Pa's
1P=1dyne-s/cm? 1 Pa-s=1N-s/m?
10 P (poise) =1 Pa's

A\
R

Figure 14.11 7137 A&

fuj
ok
12
2l
Y
Jo
ic)
o
2
oX,
Jo
oift
o
td
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Glass : undercooled liquid with high viscosity

The higher the structural relaxation, the closer it moves toward a “true” glass.

ideal \
glass

L \ Configurationally
glass N v Frozen

Viscosity (log n)

T, T,
Temperature (T)

A solid is a materials whose viscosity exceeds 1046 centiPoise (1072 Pa s)

cf) liquid ~10-2 poise
44



14.9 7| E} 7] A &

a. T A9

E,(1 — 1.9P + 0.9P2)

400
250

300 200

150
200

100

Modulus of elasticity (GPa)
Flexural strength (MPa)

100
50

0.0

0.2

0.4 0.6
Volume fraction porosity

0.8 1.0

Figure 14.12

Je) - L |

Ors = 0pexp(—nP)

=]
T

I

0.2 0.3 0.4
Volume fraction porosity

Figure 14.13

2o EFuve] & Ao vX e 71FY] 9% A2olA ¢FrUY xR vA= 7189 G5



o
B34 Brinell 2 %A 97117} AR5 4] 9231 9] 2hv] =8 1) 49l W] 7] 2 Vickers
9} 332 Knoop W (/g 0] W$- A3 A 9-)0] F= A28

Table 14.2 Vickers (and Knoop) Hardnesses for Eight Ceramic Materials

Vickers Knoop

Material Hardness (GPa) Hardness (GPa) Comments
Diamond (carbon) 130 103 Single crystal, (100) face
Boron carbide (B,C) 442 — Polycrystalline, sintered
Aluminum oxide (Al,O;) 26.5 — Polyerystalline, sintered, 99.7% pure
Silicon carbide (SiC) 254 19.8 Polycrystalline, reaction bonded, sintered
Tungsten carbide (WC) 22.1 — Fused
Silicon nitride (Si;Ny) 16.0 17.2 Polycrystalline, hot pressed
Zirconia (Zr0,) (partially {1 o7 — Polycrystalline, Y mol% Y,0;

stabilized)
Soda-lime glass 6.1 -
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Creep

Sample deformation at a constant stress (o) vs. time

0}
TO', g A Rupture
#
0 )t § lertiary _
= |
¢ S —— Secondary——= I
|
|
- l
: Instant us deformati
Primary Creep: slope (creep rate) ”i rlaneous deformation |
decreases with time. fime. ¢ ‘

Secondary Creep: steady-state

l.e., constant slope (A g /Atf). Adapted from

. Fig. 10.29, Callister &
. slope (creep rate) Rethwisch 9e.

increases with time, i.e. acceleration of rate. 47



Creep: Temperature Dependence

- Occurs at elevated temperature, T> 0.4 T, (in K)

primary

d. Alete] A 5e] A2 2= T,0]

o we

p strain

#

elastic

.....

=

Increasing T

[
-—
- —
Y

° o

)

ol A]

)

T<04Tm Figs. 10.30, Callister &
Rethwisch 9e.
Time
TEHET AU A o2 AA
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lll. Classification of Ceramics

Ceramic Materials
|

Glasses Clay Refractories Abrasives Cements Advanced
products ceramics
I I

-optical -whiteware -bricks for -sandpaper -composites -engine

-composite -Structural high T -cutting -structural rotors

reinforce (85 B¥S) (furnaces) -polishing valves
-containers/ Adapted from Fig. 14.14 and discussion in bearmgs

household Section 14.10-16, Callister & Rethwisch 9e. -sensors

Figure 14.14 &0l w2} £73 A2t A 5

49



a. Glass (- 2]): SiO, (Silicate) + CaO, Na,O, K,0 & AL,O, & *E3

Glass-ceramic: 1B
HEd AR
1100
o323 el o) 5
3 A A Z 2] S Hoﬂ z <000
SRER (EH T =
Ak E ) 37— 2 900

Ccurve dZ£ 0 7 o] &
800

700

Time (s)
(logarithmic scale)
Reprinted from Glass: Science and Technology, Vol. 1, D. R. Uhlmann and
N. J. Kreidl (Editors), “The Formation of Glasses,” p. 22, copyright 1983,
with permission from Elsevier.

Figure 14.15 ¥4 2l ¢ 2A 3} w3 tjst 532 e =4
50



b. A X A| 5% Structural clay products (2%, €}, a4 so] = 53}

Whitewares (W #x==2}171, 21 7], A, 44 =7] 5)

9

c. W3}= (Refractory ceramic):

(1) 7HE 8 291715 B8 4, 2) A §-§ 5 AL B A
%5, (3) DA 75

Table 14.4 Compositions of Five Common Ceramic Refractory Materials

Composition (wt%) Apparent
Porosity

Refractory Type AlLO; Si0, MgO Cr;0;, Fe, 0, CaO TiO, (%)
Fireclay 25-45 70-50 0-1 0-1 0-1 1-2 10-25
High-alumina fireclay 90-50 10-45 0-1 0-1 0-1 1-4 18-25
Silica 0.2 96.3 0.6 22 25
Periclase 1.0 3.0 90.0 0.3 3.0 2.5 22
Periclase—chrome ore 9.0 5.0 73.0 8.2 2.0 22 21

source: From W. D. Kingery, H. K. Bowen, and D. R. Uhlmann, Introduction to Ceramics, 2nd edition. Copyright © 1976 by John
Wiley & Sons, New York. Reprinted by permission of John Wiley & Sons, Inc.
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d. Av}Al (Abrasive ceramic):

dA o ® A S E v, Anf, AAtsk=T ALE
ANz HE= A bo 10}%5 (13D, &3t A, WC, Abst 45l g, A2l 7F 2
Cutting tools:

-- for grinding glass, tungsten,
carbide, ceramics

-- for cutting Si wafers

-- for oil drilling

* manufactured single crystal
or polycrystalline diamonds
in a metal or resin matrix.

blades
P Single crystal

* polycrystalline diamonds g diamonds

resharpen by microfracturing '

along cleavage planes.

e Sandpaper s ZEE O =2
1§10 20 =2 A0 S

polycrystalline
diamonds in a resin
matrix.

Iy
>,
=

e. AWl E (cement): ZE &
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Table 14.5 Properties of Diamond, Graphite, and Carbon (for Fibers)

Material
Graphite
Property Diamond In-Plane Out-of-Plane Carbon (Fibers)
Density (g/em?) Bl 2.26 1.78-2.15
Modulus of elasticity 700-1200 350 36.5 230-725¢
(GPa)
Strength (MPa) 1050 2500 - 1500-4500°
Thermal Conductivity 2000-2500 1960 6.0 11-70¢
(W/m-K)
Coefficient, Thermal 0.11-1.2 =1 +29 —0.5--0.6"
Expansion (107¢ K™1) 7-10°
Electrical Resistivity 10514 14 x1073 1 x 1072 9.5% 107°%-17% 107"
({-m)

“Longitudinal fiber direction.
"Transverse (radial) fiber direction.



g. Advanced Ceramics:

Netuje) SEot M7|H, ApIA, WPy A 28
— 7|3, B A%, AR A, ATg T 18w

O
ol ] 2t A7) & dFX of] AFE (A119, 21, 224 & 1)

Ex. (1) Materials for Automobile Engines

* Advantages: « Disadvantages:
— Operate at high — Ceramic materials are
temperatures — high brittle
efficiencies — Difficult to remove internal
— Low frictional losses voids (that weaken
— Operate without a cooling structures)
system — Ceramic parts are difficult
— Lower weights than to form and machine

current engines

 Potential candidate materials: Si;N,, SiC, & ZrO,
* Possible engine parts: engine block & piston coatings .,



(2) Ceramics Application: Sensors

Example: ZrO, as an oxygen sensor ®

2+ y
Principle: Increase diffusion rate of oxyge(r:1a o @
to produce rapid response of sensor signal to ) O
change in oxygen concentration
Approach: A substituting49§12+ ion

Add Ca impurity to ZrO2: removss gzz_riOn'O” and

-- increases O2- vacancies '

-- increases O2- diffusion rate

Operation: —

-- voltage difference produced when gas with an e
O2- ions diffuse from the external  unknown, higher | =% | ="t g oq
surface through the sensor to the oxygen content diff(l:l)sion oxygen content
reference gas surface.

-- magnitude of voltage difference

oc partial pressure of oxygen at the +

voltage difference produced!

external surface

WILEY

Chapter 14 - 55



(3) Nanocarbons

 Fullerenes — spherical cluster of 60 carbon atoms, Cg,
— Like a soccer ball

« Carbon nanotubes — sheet of graphite rolled into a tube
— Ends capped with fullerene hemispheres

Fig. 12.19, Callister
& Rethwisch 8e.

Fig. 14.20, Callister & Rethwisch 9e. 56



Nanocarbons (cont.)

« Graphene — single-atomic-layer of graphite
— composed of hexagonally sp? bonded carbon atoms

Fig. 14.22, Callister & Rethwisch 9e.
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Summary

Room-temperature mechanical behavior — flexural tests
-- linear-elastic; measurement of elastic modulus
-- brittle fracture; measurement of flexural modulus

Categories of ceramics:
-- glasses -- clay products
-- refractories -- cements
-- advanced ceramics
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