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Chapter 7. Mechanical Properties of Solids
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Concepts of Stress (%)) and Strain (HE E)

Fig. 7.1 CFFEE 7[H|A Al=:
(a) tensile test

: (PIEF Al

_*T - R (b) compression test

o (25 AlE)

y — (c) shear test

BigFa (TIEFAIR)

(d) torsional test
(HIE EHAI).
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* Tensile tests (or tension tests)

Stress (&)

/ |, Of' S
F e 5t o2
o=— . engineering stress (8 S9)
Ay or nominal stress (8 & 88, 353 &)

%: CH]: MPa (1 MPa = 108 N/m2)
or psi (Ibf/in?, 1 MPa = 145 psi)

b5} =] ZI0]
— - =
| /l Al
e=-1_0_ . engineering strain (S HYE)
§IO ly or nominal strain (8 & HAEE, B= HIE)

CHQ): Sk}
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Load cell

Extensometer &=

Specimen

Moving
crosshead

el et P

Fig. 7.3 QI AlRE &H7I|7I.
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« Compression tests

CIEAIRT S5&, AP E S| 5 0F HHCH (Fig. 7.1 (b))

= o
Qlatarsf: + Hysd=. A_I oA
OfZ=H}SF. — =e= =T

e Shear tests (Fig. 7.1 (c) & X)

Hol| QMY T2 BtE Hor 5HE

F
T=— : shear stress (T1E &)
& CHRl: MPa or psi Ax
y=tanéd : shear strain (T2 BHHE) T
\ CHel. SR vlo
T FTHE B2 (axty) l
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Stress-Strain Behavior

o=FEc¢ : Hooke’s law

N\

elastic modulus (or Young’s modulus)

(E|-A-I 7:||J~ %| E}glg’ oi= E)

Mo 2 E of CHEFRIQI Q).

For metals, 45 GPa for Mg
407 GPa for W

For ceramics, 70~500 GPa
For polymers, 0.007~4 GPa
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Table 7.1 Room-Temperature Elastic and Shear Moduli, and Poisson's Ratio for Various Materials

Madulus af Elasticity Shear Modulus
Material GPa_ 10° psi GPa___ 10°psi __ Poisson's Ratio
Metal Alloys
Tungsien a7 59 160 2332 0.28
Steel 207 30 83 12.0 0.30
Nickel 207 30 76 1.0 .31
Titanium 107 155 45 .5 0.34
Copper 110 16 46 6.7 .34
Hrass 97 14 a7 54 .34
Aluminum Y 10 25 3.6 (.33
Magnesium 45 6.5 17 2.5 .35
Ceramic Marerials
Aluminum oxide (AL Oy) 303 57 — — 0.22
Silicon carbide (5i1C) Ad5 50 = = 017
Silicon nitride (Si:Ny) 3 44 - — 0.30
Spinel (MgAl0y) 260 35 - — _
Magnesium oxide (Mg() 225 33 — —_ 0.18
Lirconia (e )¢ 205 0 — — .31
Mullite (3AL04-28i0;) 145 21 =8 =4 0.24
Cilass—oeramic (Pyroceram) 120 17 — — 0.25
Fused silica (S10:) 73 11 — — 017
soda-lime glass 64 10 — — 0.23
Polymers®
Phenol-formaldehyde 2.76-4.83 (400,70 — — -
Poly{vinyl chloride) (PVC) 241-4.14 (.35-0.60 —_ —_ 0.38
Palviethylene terephthalate) (PET) 276414 (L 40-0.60 - — .33
Polystyrene (PS) 2.28-3.28 0.33-0.48 — — 0.33
Poly(methyl methacrylate ) PMMA) 224324 0,33-0.47 = = 0,37-0.44
Polyearbonate (PC) 2.38 0.35 - 0.36
Mylon 6,0 1.59-3.79 (L23-0.55 == — .39
Polypropylene (PP) L14-1.55 0.17-0.23 — — 0.40
Palyethylene—high density (HDPE) 1.08 0,16 - — .46
Polytetrafluoroethylene (FTFE) 0.40-0.55 0L.058-0.080 — — (.46
Polyethylene—low density (LDPE) 0.17-0.28 0.025-0,041 — — 0.33-0.40

“ Partially stabilized with 3 mol®% Y20,
" Source: Modern Plastics Encyclopedia "96. Copyright 1995, The McGraw-Hill Companies. Reprinted with
permission,
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« Elastic deformation (EtA H4%)

- Reversible (7123 #4&
- Linear behavior (01: O|& 22| )

Unload
% Slope = mpqiulus
7 of elasticity
Fig. 7.6 & B 7S
g HoiFE 83
Load B{SiE Joja,
0

Strain
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EHd 745)

- Nonlinear elastic behavior (H|M%
C|E, polymers

- 0i: &Z&(castiron), 23

o2

j" = Tangent modulus (at o)

NMbF————— e ——

Stress o
-

_ Secant modulus
(between origin and o)

~
1—|p
mo|g

Strain e

294 H{S{E P

EHY 7152 oI E S

o

Fig. 7.6 H|ME
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- Effect of temperature ~ gt 2

A==l

Slol et BHAES ZA

4]

[ I /| 1
Temperature (°F)
~400 0 400 800 1200 1600
T | I
a00f— | %8
Tm =
s ¥ —50 &
9 o
2z 300 <
= —40 £
E 200 |— Steel — 30 -T;
: | . Fig.7.8 2z of =
= — 20 B8
100 - ) elastic modulus
— 10 =
s e (B E) 0| pist,
ob—L 1 1 1 1 M 4 1 4 | 5
200 0 200 400 600 800
Temperature (°C)
* Shear stress-strain behavior (MEHS2-HEE 7HE)

r=Gy G: shear modulus (M EHIE)
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Anelasticity (2|EFAd)

~AlZtol| o] E st EHA 7S
(time-dependent elastic behavior)

S M7 $ W sl=st=0] AlZto| Z

> 25 Mz 2 oEhd 8E2 &Hol FA| 7ts6tL
TEAMZL B2 0| SEX 0f? S2F.

> Polymer®2| @< “viscoelastic behavior (HEHS 7 S)”
ozt F&.
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Ex. 7.1) Elongation (&2 7| &

305 mm Cu in tension with a stress of 276 MPa.
Elastic deformation (Et4324€3)0|2}H elongation 2 ?

5, Al ?
o=E¢= EA—I
ly
A=
E
data from Table 7.1
Al = (276 MPa) (305mm) 077 mm

110 x 10° MPa
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Elastic Properties
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Poisson’s ratio ~ the ratio of the lateral to axial strains

For theoretical isotropic materials, v =0.25
(012 S 27)

For incompressible materials, v =0.50
(HIYEY 2T
For metals & alloys, v =0.25~0.35
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Ex. 7.2) Load (5t&) HlAt

K& 10 Mm@ HEE brass roddl| st 718l 1%

F KEES 25x103 mm HEA|Z|=0| EestFeE 2

Ad  -2.5x10°mm

e——dg—= gx — — —_ —2.5X1O_4
. d, 10mm
S B -4
1 h : ¢ = @EjiZ.%x:glLlO =7.35x107"
B i L / data from Table 7.1
| o =B, = (97 x10°MPa)(7.35x10™*)
- “THT G =71.3MPa

| F=0A = (doj 7 =...= 5600 N
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Mechanical Behavior - Metals

Tensile Properties

CHE 2o 24: B ™82 £=0.005 =77 KB Ko{
O|F o] HE2 44 H¥(plastic deformation)
A B PQoi M= Hooke's law & 2HE.

* Yielding (85) ~ 278 HPO0| AEE[= 34

Yield strength (

o3
0¥
Ul
o
\
8
0%
rII
0%
o
>
A
Jall
rr
0[0
il

o, for low-strength Al: 35 MPa
o, for high-strength steel: 1400 MPa
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Elastic1 Plastic
-é——-]—éi-
I
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| Upper yield
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|
v/
/ Ty t——————f——
a P J," 2 - Lower yield
ar a .
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(4] / v

0.002 strain offset /
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\ jff

| | Strain Strain
~ o

(b)

(Bt 84, &M By
Z(steel)| M LIEILLE
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» Tensile strength (TS): 23

Stress

. @ TS for Al: 50 MPa
TS for steel: 3000 MPa

Strain

Fig. 7.11 Tt 2| F7LX| LHEHH SE-BIEE HS

(1% ZE TSE HM2Z EAIF).

- O
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Stress (MPa)
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| I | 0
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B 7|HZ SE Ak
(a) Elastic modulus

(Bt A=), E
(b) o, at 0.002 strain offset
(O 002 strain offset#d 2

x'|20|_|- o|'E7|'_||:_)’ G

(c) X|& 12.8 mm2! A&

e
Aol 742 = Qle
Z|CH 55, F

(d) 20| 250 mm¢! A|Hof
345 MPal| CIE S

O O 1=
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e Ductility (M

~ I} 1| 77k X[ 2] degree of plastic deformation (
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* Percent elongation (417 &M
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Table 7.2 Room-Temperature Mechanical Properties (in Tension) for Various Materials

Yield Strength Tensile Strength Desillier, 908
Jin 50 peime
Maierial MPa kesi MPa ksi (2 in)J"
Metal Alloys"
Maolvbdenum 363 52 633 U5 35
Titamiuin 450 65 520 15 25
Steal (10200 150 26 RO 55 25
Mickel 138 20 450 70 40
lron 130 1% b 38 45
Brass (70 Cu-30 Zn) T 11 kI a4 [t
Copper L 10 2K 29 45
Adiminim a5 5 i) 13 41
Ceramic Materfals
Fircomia (Zr(s — — A-1500 115-215 —
Silicon mitride (SN, i = 2501000 35-145 el
Aluminum oxide (AlCh) — — 25T 40100 —
Silicom carbide (5iC) = — T0-#20 15-120 e
Cilass—ceramic (Pyroceram) 247 36
Mullite (3AL0:-28i04) = = 185 27 i
Spinel (MgAl0,) — — 110-245 16-36 .
Fused silica (SiCk) — — L1 16 —_
Magnesium oxide (MgOry - — L] 15 —
Soda-lime glass il 10
Folvmers
Nylon 6,6 448825 f.5-12 75.9-94,5 110137 15-3001
Polycarbonate {PC) 62.1 0.0 628724 9.1-10.5 110150
Poly{ethylene terephthalate) (PET) 50.3 2.0 423724 70105 =300
Polyimethvl methacrvlate ) (PMMA) 53.48-73.1 T.a=106 48.3-T2.4 T.0=11L5 20535
Poly{vinyl chloride ) (PVC) 7444 59-55 40.7-51.7 5.9-75 40150
Phenol-formaldehvide — — 34,5021 S0-90 1,520
Polystyrene (PS) 25.0-69.0 3.63-1010 35.9-51.7 5.2-15 1.2-2.5
Polypropylene (PP} 30372 45-54 0414 45610 100-600)
Polyethyleng—high density (HIMPE) 26.2-33.1 3.H=dB 22.1=-31.0 3.2-4.5 10=1200}
Polytetraluorocthylens (FTTE) |3.8-152 20-22 20.7-34.5 3.0-50 ZOH—4X}
Polyethylene—low density (LIYPE) Bi-14.45 1.3-21 Ri-114 1,2-4.55 1065100

* For polymers, percent elongation af break.

¥ Property values are for metal allovs in an annealed state,

“The tensile strength of ceramic materials is tiken as Aexural strength (Section 7,10),
T Partially stabilized with 3 mol% Yo,

“mintered and containing approsimately 5% porosity.
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- Effect of temperature (2T S7H0| [HE 7|HI™M HE ¥}

200 = | 120
_ﬂzoouc 100
- - T1-> E/I
~ 1% 3
@ = = G l
= S
i " / _100°C —60 = y
© 2
= ] w
? I —40 & TS !
25°C
200 \ -
— 20 %EL 1
0 | | | | 0
0 0.1 0.2 0.3 0.4 0.5
Strain

Fig. 7.14 =T oi [E HO| mh1| AT X2 SH-HBE HS.
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 Resilience (Er=)
~ Bhd HPA| 0| qX| =91} 6t 8 MHA|L| 3= HE

Modulus of resilience (Et23 A=), U,
g=EnEl 8He s A7lEd i Y
2T ElE BRIAHY HHE oluix ,

Stress

<

<

N [
q [T

U0l =2 ME (0, T&EV) /
> A2ZZ X{=0f 0[S

€ Strain

¢
1

Fig. 715 E|_|-E_=I| 7:||_/|\__g| 74 x4 I:II-I:H(AHiI%|-
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« Toughness (& ¢l4d, eld

~ ot 7| 7R (K= Q) oL x| &=

A X|7|A-|)

) O H.
1) o-s 49| ) w7t x| )

Stress

2) impact test (S A2
FE{ 7}

Zd(brittle) M Z &= 24d(ductile)
MEECHZRlMol 23

R |A—| xHEQl éI-O|A-I(AH7'<|%|- _?'__E_)

Fig. 7.13 & M=ot F|d
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True Stress and Strain (2122310 EIBHEHE)

True stress:

F
Or =— . .
A < instantaneous cross-sectional area
(= 7+ THEHEA)
True strain
o= . < instantaneous length (=7 Z0|)
- =In--

HEAV (FM) w5t gicte Al = Al 0l22

o, =o(l+¢)

necking €140 do{Lt7| ®IIK| R &
= In(l+¢)
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necking
fracture

/ True

—
— —
—
— ——
— —

TN

Engineering

Stress

Strain Strain
Fig. 7.11 22-HIE HE. Fig. 7.16 S3-HIE 7S H|
(_T'_il 29 H4sd =2 RK|2=24_K|H{Sd = Ol
OO O 1TLLoOoOo=2) O 1MTh—L__o =2 =<
£33t IS U-FIWEE T Z)

Ex. 7.4) %RA & o, at fracture ? (0| X E20{E 7| HtEh
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Elastic Recovery After Plastic Deformation

(Ad BHE 0| BElY 3|5)
Elastic | Plastic
I
I Oy — > -
oyfF————— }_ _____ : i
Ve oy —> |
i ;’f Unload i
& i % I
/ |
fllr : t >
y at c <o, | at > o,
|
f |
!!; Reapply I
/ load I
/ '
/ I Strain
Strain —=] |—-<—
—= L 0.002 Elastic strain
recovery
Fig. 7. 10(a)§>% LHO M2l  Fig. 7.17 &S Z T 0|F0{ A2
’Sil 2L



Materials Science & Engineering Chapter 7. Mechanical Properties of Solids

Mechanical Behavior - Ceramics

- _
Z 25, 28 45

Flexural Strength (or bend strength: =2= &

Ceramicl| <, 2I%& Algdo] o{Eiz

-
4,

AH

& AH M= 04242, grip 78 &l&, AI™ Al bending stress 2
MEtejel o e QIE Zr ol 10 HE - 2T ZE > U
O
Possible cross sections ( fS)

— b =
Y
d Rectangular

P ¥

SN
O Circular

R

Fig. 7.18 3-point bending test (21} Q1% 0| S Alof| &F).
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Elastic Behavior

Ceramicl| 4%, &1

250 [—

200 —

150 |—

Stress (MPa)

100 (—

50 —

Aluminum oxide

Stress (103 psi)

Glass

0 0.0004

Strain

Fig. 7.19 €& 0[Lt2t R 2[Q
SE-HAFE HS.
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Influence of Porosity (7|2 2| &&k)

Mezte2 22 "Geljo] R 2 A=
- pore or void spaceZ} XY

« 7|30| = Mt Rz o Bhg A=

E=E,(1-1.9P+0.9P%)

/ 400 [~ | i | i | s 60

nonporous A2 9| E 1%

300

P: volume fraction of

Modulus of elasticity (GPa)
Modulus of elasticity (10° psi)

porosity 200 430

(lZol 21| £8) "N B

100 - 1.

Fig. 7.20 ZF0[Lte| Bt Aol . | | g
DlKlE | | %'% o o vmfﬁi fraction p[c})-risity o o
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« 7180l /U= MetH Mzel =5 B

— — S AN
O =0y exp(—nP) oy, N = A &5
40
250 [~
5 200 30 3
= o)
= o
W 150 o=
o —20 ¥
1z =
= =2
S 100 ©
9 2
S ~10 &
50
0 | | | | | 0
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Volume fraction porosity

Fig. 7.21 €& 0|Lte] =34 =of O|xl= 7|32 FE.
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Mechanical Behavior - Polymers

Stress-Strain Behavior

10

|
60 _':4 —]
— 8
50 H- R
T ol —6 & A brittle polymers
= o =
@ 30 @ .
? & 1* &  B:ductile polymers
20 X — (O=| __l|__|?'_x|-)
— 2
“r c ) C: elastomers
N I ——— I T2 ERA)
0 1 2 3 4 5 6 7 8

Strain

Fig. 7.22 TEX MEo| CHEXQ! S HEE HE.



Materials Science & Engineering

Chapter 7. Mechanical Properties of Solids

r A: brittle polymers
> Bt 843 0o A ot &
B: ductile polymers
> Z7|o=E BEHE, g5
. C: elastomers
> B HE LSol= Axy

= O
TS(QIE ZE) X
ol
=

A

o O
Hh 510 2 O

L

Modulus: 7 ~ 4000 MPa for polymers
45 ~ 400 GPa for metals
TS: ~ 100 MPa for polymers
~ 4100 MPa for metals
Elongation: X2 Xt2| F< 100% O

ME IS
2£90| 722 100% 0|4 B8 =2t

=
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- Effect of temperature
~ Polymere room temp. (& 2) 2x2| T #4stol = BIZf

12

80 [H | | | I |
4°C (40°F) n
0T — 10
60 H- 1 T T 9 E ‘L
20°C (68°F) -8 =
S 50 30°C (86°F) 4 8
= e G cSy l
g 40 40°C (104°F) | ;g:
%2} =
304 |, @ TS l
" 50°C (122°F) il
To 1.30
2
10 60°C (140°F) OWEL 1
0 | 0
0 0.1 0.2 0.3

Strain

Fig. 7.24 PMMAQ| S2I-BiHE HSH| 77Xz 2o .

- Effect of strain rate (

= A
-HEE &

— FE
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Macroscopic Deformation (74 A% B4%)

(d) v

*Ab& T ZE O] H5}: Fig. 8.28

Stress

(

E neckingO| M It £|MH A chain orientation
(At& B E)

E/ 23 K|LFEAM necking g A

Strain

0%

Fig. 7.25 2H288 1 =A9| Iy S=-HBE deh=.
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Hardness (G %)

~ A measure of material’s resistance to
localized plastic deformation_(e.g., dent or scratch)
(FREHR Ad M| CHer RH= 2| MHE A7)

A{ HFEH C}QF & XACHAS HY

It
rlo

ok
HA

Ojo

§O o o
> AR EMHE indenter =2

.

depth or size of indentation 73

e Hardness test7} A& =™ E|= O|F:
Simple & inexpensive
Nondestructive

CIE EAM T hardness 2028 E QI 7ts
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Rockwell hardness tests

: 28t indenters & loads 288l 2 &3
Load 7}5t04 2471 penetration depth Xl 0|2 A
AMH FHE +8 Z0]2] 1084 0|4 =|oof &
Smooth flat surface 0l A &5l of &

HRZ EA|

EAO:
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Table 7.5 Hardness-Testing Techniques

Shape of Indentation

Formula for
Test Indenter Side View Top View Load Hardness Number”
Brinell L-mm sphere F 2
8 ol D < HBE — =

of steel or _..| . x DD — DF = @)
tungsten carhide ' =
g
Wickers Dismond '13’3 G d. P HV = 1.854P?
microindentation pyramid .__..

Knoop Diamond ¢ | b r HK =142 pq*
microindentation pyramid u_E -

=711 ]r 1
bt =4.00 N

Rockwell and Diamond cong;
Superficial L1 4 Lin 6l kiz
Rockwell diameter l 100 kg § Rockwell

steel spheres 15 kg

15 kg

J 30 kgt Superficial Rockwell
45 kg

* For the hardness Tormulas given, P (the applied load) is in kg, while I d, o, and § are all in mm,
Sowrce: Adapted from H. W, Hayden, W. G Moffatt, and 1 Wultt, The Struciwre and Properiies of Materials, Vol 111, Mechanical Behavior, Copyright
© 1965 by John Wiley & Sons, New York, Reprinted by permission of John Wiley & Sons, Inc.,
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Brinell hardness tests
: Spherical indenter (d=10mm)0il 5t& £1ts A= &
HBZ EA|
Knoop & Vickers microhardness tests

: Small pyramidal diamond indenteri| 22 & (
Ak 53 (59| Knoop A2 MEIE Z2 F

HK, HVE EA|

1-1000g;) 1} 51
|Ad XH = 0 X-I%I-)

Hardness conversion
- (Fig. 7.30)
Correlation between hardness and tensile strength
- (Fig. 7.31)
For most steels, TS(MPa) =3.45xHB
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10,000

0 — Diamaond

Corundum
.'.I
3 sapphire
{ ciaal
1 000k Mitrided steafs &l Topes

000 — 1
*'~"-'",_ . Cutling tools 17 .
BOO e 28] | F I Quartz
. 800 - | Flla hard
1 y an &= Orthoclase
| 110y
A00 |- | 5 Apatite
300 - 100} Easily
2 = L M machined
ag0 k- | steels
Al { 4 = Fluorite
| A b=
o 1 Calelte
100 100 &l
400
Knaop - =0k Hrasses
hardness L ot and
(20 aluminum
Rockwell alloys
B
2 — Gypsum
20—

Post
plastics

Fig. 7.30 04247}X| B0

| cH3t %14+ Bl

nl—

Hrinell
hardness
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Rockwell hardness

I — |
607080 90 100 HRB

20 30 40 50 HRC
] |
= 250
1500 [—
= 200
= - S
E{a 1000 |— 150 =
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Hardness of Ceramic Materials
~ WS A7t =2 AME

Knoop hardness (HK)7F 1000 O|&F @1 M|[2I=]0|
Q10 M|(abrasives) 2 AFHR

Table 7.7 Approximate Knoop Hardness (100 g
load) for Seven Ceramic Materials

Material Approximate Knoop Hardness
Diamond (carbon) 7000
Boron carbide (B4C) 2800
Silicon carbide (SiC) 2500
Tungsten carbide (WC) 2100
Aluminum oxide (Al,O3) 2100
Quartz (SiO,) 800

Glass 550
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Tear Strength and Hardness of Polymers
(=X 21E T et B)

: Softer than metals and ceramics

I LUEO AR Y| AC|l= 2RI IF Z =T 58 24
TEX M=Zof cist ZE AIR2 Rockwell tests7} S5 AFSE

Variability of Material Properties (& &M Z&o

2 CreFel 2210 ofsli #40[7F U5

EHE Mz Ol 7|HA HE 22
292l ~ test method, Al A= 284, operator bias, calibration,

K= ZHe| inhomogeneity, = 3H| %} 0], ...
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Safety Factor (2t7 7<)

AN AL Al KR HEo| 224l g TE{5t0od 3fyd 8338 HIHE
Safety stress . _ 9y
(or working stress) N

safety factor (1.2~4.0)
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