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Recap

Learned mechanical properties

Uniaxial tension tests provides
Yield strength

Elastic modulus
Ultimate tensile strength
Ductility

Toughness

Area under the stress-strain curve
Energy required to break a material into two separate pieces.



Objectives and outlines

Failure: occurs by three main mechanisms
Fracture (L} 2|, noncyclic o and T< 0.4T,,)

Fatigue (I 2, noncyclic o)
Creep (22| %, T<0.4T»)

Fractography

Fracture (It1|)
Brittle fracture
Ductile fracture
DBTT
Basic Fracture mechanics and application to design problems

Fatigue
Failure under stress far below YS, TS; Cyclic loading

Creep
Time dependent permanent deformation



Fundamentals of Fracture

Simple fracture is the separation of a body into two (or more) pieces; S & @l 2l 0|

71l HASHALE 52
Fatigue

Creep Of 2|SHA = &S
Tensile, shear, &= compression 25 L1 2 0|0 & == /UX[BH 22[= L= 2E
ooty CHE =& otrf,

Two case of fracture
Ductile (&7 L}1)

Brittle (34 It1|)
MzEo|'Ad 715’ & HOtLt Bt22ko| A HYE S Yo Z o~ Q=X|0f 2} HE# Y,

Note: 2= QIZFA| %EL 2|10 %RA= A =0 [t2} CF2CF,



Fundamentals of Fracture

Ductile fracture: & &5| &2 0| X| & St

-
=
Brittle fracture: 224 HA 0| YO|LtX| UAHLE 22 Of 2 X[t QI Fo =,

Stress

Strain



Crack formation and propagation

OAMe 2 HTE M OH|= & A 2 O| F 0 ZICY,
1. @< (crack) °4d
2. @ EO| M1} (propagation)

The mode of fracture (Lt 2| El)= # &
T HO| MHS| ZIH; stable; O] 722 Tha| LM7X| Aetst AgHHZ0] TR, No stress

No propagation
=+ ZO| Wt = A TI7H; Unstable; Little plastic deformation; 28 S & 0| S7}SHX| KO0t

2 7ts

Q) Which type of fracture is preferred?
A) Ductile fracture; Because it ‘warns’ you.



Ductile vs Brittle fracture

Fracture Very Moderately -
behavior: Ductile Ductile rittie

%RA or %EL Large  Moderate Small

Soft me;c)als Metals at low T.
(Au,.P ) Ceramics
Materials at

High T.




Examples: pipe failures

* Ductile failure:
-- one piece
-- large deformation

. failure:
-- many pieces
-- small deformations

Figures from V.J. Colangelo and F.A. Heiser,
Analysis of Metallurgical Failures (2nd ed.), Fig.
4.1(a) and (b), p- 66 John Wiley and Sons, Inc.,
1987. Used with permission.




Ductile fracture characteristics

* Failure Stages:

necking void void growth shearing

: fractur
nucleation and coalescence at surface acture

IEEER:

D

Cup and Cone
(G-# = ohd)

Sheared zone
45° to tensile
force




Fractography (ductile fracture)

Fractography (fracture+graph ; I} 1| )
ojao| CHH O 2 Iba| SEN, 22 AlEY, FHo| A|Xt QK| § met 7hs

L
SEM (scanning electron microscope)
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Fractography (brittle fracture

Failure origin

Chevron Marking: | E= HA|
(chevron: 201 7| B7[; &AL A= H#?)

(a)

®)
(a) From R. W. Hertzberg, Deformation and Fracture Mechanics of Engineering Materials, 3rd edition. Copyright © 1989 by
John Wiley & Sons, New York. Reprinted by permission of John Wiley & Sons, Inc. Photograph courtesy of Roger Slutter, Lehigh

University. (b) From D. J. Wulpi, Understanding How Components Fail, 1985. Reproduced by permission of ASM International,
Materials Park, OH.




Brittle fracture

g Ltal= &gl 250| A9l §iLt.

Cleavage I} (fast fracture | A 20| = £ 3 cleavage: sharp division)

FHE Z2E Nzl € M= E7 ZE M (crystal plane)= 2} 224,
[(CF2tA] graing 7F2 A 2 7 0| T IOt 2t M transgranular 5, 28 & LR S 23"
Grainy (ZZ0/ 7} 20| = @ 4), 22 faceted texture; (facet: 7= )

! —

\

L T

Cleavage on intersecting {100} planes in bcc Cr.



ransgranular and Intergranular

SEM Micrograph

1

Grain boundaries Path of crack propagation

® 200 pm
Figure (b) reproduced with permission from ASM Handbook, Vol. 12,
Fractography, ASM International, Materials Park, OH, 1987.

®

SEM Micrograph

I

Grains Path of crack propagation
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)
Figure (b) from V. J. Colangelo and F. A. Heiser, Analysis of Metallurgical

Failures, 2nd edition. Copyright © 1987 by John Wiley & Sons, New York.
Reprinted by permission of John Wiley & Sons, Inc.




Principles of Fracture Mechanics

Fracture Mechanics; A = It &t

MZ0| 22 (flaw)0] EME= 7S M= 2, 7t 529 37|, # E=
xoig s As 22 EM X S Tt 7|+ Arol e 2 2 = o=

S XL A= F+ =0 Thu|of Cish SofL §ZFH el M
& OO 2hLF.

S0 2 M, /0] HY0| E|ojle AASS AR D, 0|8 BEE BE
AT S TR
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For a long crack oriented perpendicular to the applied stress, the maximum stress near the crack tip:

0.5
Om = 20, (p%) where agj: (engineering) applied stress

Oy < %5 a: EH 7 < ZO[; half-length of crack (BT5 0, &S
0.5
1 . .
Oy X (p_) pe: 8 TR (tip) 2| =& 28 (radius of curvature)
t
(H=0| 2t =5, 55 4t

H0| 245 0, 22



Stress concentration factor

H Xl =0o| An}. am>00thusa— > 1
0

0lo

bl

SAWSZ(FY0 of8f 250 S20| EEE BE)E S TE Al4(stress
concentration factor K;) 2 H20}7| k.

K, = om Eq. 10.1

Oo

2
%M 2l E Eq. 1015 SO K, =2 (%)

In ductile materials, plastic deformation at a crack tip
“blunts” the crack.

N — deformed
/ l /®/ region
brittle ductile

127t 8450 H=F F45tCHL B8 M =2l 8%, 0,7t S7HSILE
| I:él-)éﬁ (§ crack tip |=|:1'9_| tﬂ'égg Ol_OH 5harpne557|- —|—|:=| 7(||___|-




AKX| CrackO| ™ IpE|Lf?

Elastic strain energy:
Energy is stored in material as it is elastically deformed (resilience S ‘& 2 Slf 2 X}).

This energy is released (thus total energy is reduced), when the crack propagates (yes, the
natural way)

When crack propagates, the number of atoms not fully connected with their neighbors
increases. That means, the new ’surface’ is created. Creation of incompletely connected
atoms (surface) requires energy.

Critical stress for crack propagation (with crack length being 2a — internal crack)

2Ey,\0-° e o . . . .
o, = Ys (Griffith’s criterion; applicable for linear elastic materials)
¢ wa

where E: elastic modulus; y;: specific surface energy

For ductile materials y; in the above is replaced by ys + ¥, (y: plastic deformation
energy)

Apply the above Eq. to Example 10.1



Two approaches in (LE) Fracture Mechanics

1. The energy criterion (O] X[ =740 7| dtot 1 H)

E _ mToa
E
Energy release rate (0| HX| &= £ =)7F A S 7FHE Mf crackO| 2
2
E. = Tt (o.: failure stress, a: critical crack size; E,: critical energy release rate)

2. The stress intensity approach (&S &= o1 AH0]| 7| Biol M2 H)

N T omcre

« Plate 8| B2 K; = o/1a
EX AAZS

o, = K, cos(gj[Hsin(—e—)sin(ie_j:I * Failurem= K; ﬂ Ol ='c O
¥ 2 \2 2 2 MR 2 K, = K,

E. 2t K= M Z 2| failureOf Cif ot M B EZ LIEFHACH 5, toughnesse E, B2
K; 2 LIEFE == QUCE
Kf

E ot K& M2 2B QUCH(LEFM): E = -



Crack growth condition

A|HO| SIH 7 Al H xﬂ S AO]| HISH B 23]
FH=, BH HHE T (plane-strain
condltlon)g O| 2L, O|[[HO| ch)t% Eds
KIc(O tﬂ%% |' |

mlm rd

2

Fracture toughness K,

Plsnﬁ strain SU bSCFipt IIIE AEIX-”E
e O|2CH (A% 10.10 &

Plane stress
behavior

T
[

Thickness B

K;,. =Yoo /ma,



Plane-strain condition and Y value

QIEHO| A|EHIL 20| S 29
EIHE MZ9 in-plane
uniaxial tension & Ef| =
7tot™H S e = A9
strainO| Sl &E.

“'
(@) (b) O| £ plane-strain
An interior crack in a Edge crack in a plate of conditionO| 2t SFLt.
plate of infinite width semi-infinite width

K 7t @5t A nieto|Het SHo Z2 HEH El ZHHot et A 0|2t . (ex: K, = Yo /ma)
yofle 2 € 3A7|, Al Ee 37| A 7|5tk &bt otE Mg g Ao 2t BefEiC,
(a)Y=1(b) Y = 1.1



Y values under various conditions
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2 1 3 5
K, = oyma K; = 20\/a/m = (;) ovma K, = E\/%lmj (i); — 1047 (i)g +369.9 (i)g l

B w w w
2
Y=1 Y (———)
T

Y ¢(0| ZrErohA| LEEFLEX] B =Lt

https://en.wikipedia.org/wiki/Stress_intensity factor




Fracture Toughness Ranges

Graphite/

Metals/ c ics/  Pol Composites/
Alloys eramies olymers fibers
Semicond
100 —
] IC-C(H fibers)
70 —| |Steels
60 — /|-
50 — Ti alloys
40 —
Al alloys
—~ 30 ™ ¢mg aloys
0 50—
< Al/Al oxide(sf) 2
E Y203/ZrO 2(p)4
. 10 — A C/C( L fibers) 1
Al oxid/SiC( W)53
© 7 — Diamond Si nitr/SiC(w
O 66— — A 0xid1ZrO2( )4
S 5 1AS|'0 carbide iI PET Glass/SiC(w
& 4 — Si nitride
1 PP
é) 3= ' PVC
2] *pC
1 —
— S<|1cor1ystal I PS ®Glass 6
0.7 = Glass -soda
0.6 —] Concrete e Polyester
0.5

Based on data in Table B.5,
Callister & Rethwisch 9e.

Composite reinforcement geometry is: f
= fibers; sf = short fibers; w = whiskers;
p = particles. Addition data as noted
(vol. fraction of reinforcement):

1. (55vol%) ASM Handbook, Vol. 21, ASM Int.,
Materials Park, OH (2001) p. 606.

2. (55 vol%) Courtesy J. Cornie, MMC, Inc.,
Waltham, MA.

3. (30 vol%) P.F. Becher et al., Fracture
Mechanics of Ceramics, Vol. 7, Plenum Press
(1986). pp. 61-73.

4. Courtesy CoorsTek, Golden, CO.

5. (30 vol%) S.T. Buljan et al., "Development of
Ceramic Matrix Composites for Application in
Technology for Advanced Engines Program",
ORNL/Sub/85-22011/2, ORNL, 1992.

6. (20vol%) F.D. Gace et al., Ceram. Eng. Sci.
Proc., Vol. 7 (1986) pp. 978-82.



Crack surface displacement modes

Mode 1 Mode I1I Mode III

(a) opening (b) In-plane shear (¢) Out-of-plane shear

The three modes of crack surface (= & H M) displacement (FH#).
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o | At (LEFM) 12292t design?

K = Yo+ma

A, 72X Z°| toughness= K, 2}
St7tX| Mz 2 BH=01 72 ofCHH, oY 2 =2 kif= ? A= S0l
TX2=0| oid| & oA 0tot T K < K, & Tt=5l|Of Ot
S8 U2 Y0 QUL
SZ2K<pk. 7| Mp= 120 A2 &
Y7l el K= 282 M7|(0 B2 St5)2t 7 82| 27| (a)0 2|8l 278 =ICF.
[CFEFA], O| I} 1] A2 & H==0f 2|5l 27 (determine) = Ct



Design Against Crack Growth

« Crack growth condition:
K 2 Ke = YO'\/E

« Largest, most highly stressed cracks grow first!

« Aol 37|t mty| 2ES & I, = XZ9 ﬂREI ._(01|%>*EIE) design
01RE||_ design stress2| R E stress@t It1| Q12 & I, H{EE|&=
otziet Z0| &+ Z2to| 37| 7H Of2fet 7FO| H7ts.

K. 1 K
design max =~
Y namax n Yodesign
amax
A0 A
fracture fracture
no no
fracture Amax fracture O
> >




Example 10.1(a)

2 o] =77}, HHX| 20| 2l 1Y
(sphere)2| LI £0f p 22{0| =Xy,
O|2 Ql3}l, MO|Zo| AFLHOZ ¢

UF2| AFHO[ 71 x| 1L RALE.

off & Z=740f| A plane-strain
conditione> 7’3 - Eq. 10.5
=22 Eq. 10.6 Eq. 10.7

AN O 2 mpi| 7 o] ¢ E3 7

A A Ao t
2
ofLt7] 0| 24 azlG&)
01 LN |_u<_| =L ¢ aY
SENT L E B 1 (ch)
MAHZEALS e} T ny2

= AFRejor el HEHA ST A o) 2 e Zto|
o M27h ML)



Example 10.1(b)

A= =,
3 (leak-before-break) ® 2| & [FE L} LHO[ O] TH K|
:rL =0 break7f 20Ol i E 7 E & 0| YojLt7|

242: Q2|7H AT S ©E 2 47 TAL, THEIT

_

Mo 87| & FHE =E510 # € &0 tigt 7 E
=L, ‘EOED'O| O & 22 ™ OHY. 0“"73!0|71|5'5 L—f9|
T E0| H O -|-771|9f% 1ot 40| f
F20| o€ ™otz QIs| ELO1|
Opz=0| Z|X| B -I-Ieak > L et 47.;.3.*.3'9'11}9('
catastrophic failure & X|; O| & Sl Z|CHE S EE|=
B3 LHO| 2k (p)= O 2 AL

ot
EH
o

AnHo =2 #EAV|Q AVt EE M ST
=S TEHCE O & Eq. 10.5 CH &I5HH
K;. = Yort Eq. (a)
PR EEEE - A EIT
R4 (p), XIS (r), £ (02} 2| Of et

r
o==— Eq. (b)

2t
de[a sy 2AZAYN E3= =0
ZO{LIX| BEOtOFotR =, S

2
pr TTPT Oy (K,C> TTPT Oy
K. =Y —=Y
=Yy 5= "72 7\ 2
0|5 &0 Chslf 2[5t
Kic\*
= 2 (7) /(T[T'O'y)



Ol| X Aircraft Wing

e Material has Kjc = 26 [MPa - m1/2]
e Two designs to consider...

Design A Design B
--largest flaw is 9 mm --use same material
--failure stress = 112 MPa --largest flaw is 4 mm
K --failure stress = ?

— Ic

e Use... o,=
Y, ma_

e Key point: Y and K. are the same for both designs (same material, same

geometry, same type of stress).

KI
¢ = gva =constant

Y

112 MPa 9 mm 4 mm
( / ) ( ) Answer: (o), =168 MPa
O \/d =0 ./d c’B
C maxX C maxX B

A

--Result:



Impact Testing: K. 2| ‘3-3 & (qualitative) 53

* Impact loading: (Charpy)

-- severe testing case
-- makes material more brittle
-- decreases toughness scale

Fig. 10.12(b), Callister &
Rethwisch 9e.

(Adapted from H.W. Hayden, W.G.
Moffatt, and J. Wulff, The Structure and
Properties of Materials, Vol. ll,
Mechanical Behavior, John Wiley and
Sons, Inc. (1965) p. 13.)

(Izod test)

initial height




Influence of Temperature on Impact Energy

FCC metals (e.g., Cu, Ni)

BCC metals (e.g., iron at T<914° C)
polymers

Brittle <€—f—> More Ductile

Impact Energy

High strength materialsyg, > E/150)

T Temperatu re Adapted from Fig. 10.15,

Callister & Rethwisch 9e.
Ductile-to-brittle
transition temperature

Main application of Charpy/Izod tests: to see if DBT happens.
You can tell at which temp the brittle fracture would occur.



CVN and DBTT

CVN: Charpy + V-Notch — = V 29| notch7} Y= A|H CH2O| charpy & &

—e
59 “12 4 16 24 79 | — Al 2

100 [—
From R. W. Nertzberg, Deformation and Fracture Mechanics of Engineering Materia)s, 80— 1100
3rd edition, Fig. 9.6, p. 329. Copyright © 1989 by John Wiley & Sons, Inc., New Yc i L =
Reprinted by p&rmission of John Wiley & Sons, Inc. : Impact &
$ 60— enerey Shear I *%
25 O-” [[l— = J_Ll. |:|- | |. % | fracture ::f
a — 60 3
£ s &
Grainy; faceted texture : 40
. =
(Brittle fracture2| £ %) 20| N
-| o XI =] (0]5 O AH | | | |
—|— * | | |
— O IOI-IO = IZ_I ’ °40 20 o0 20 40 60 8 100 120 140
Ol _|_7|-X| AO-| = E_I_ Temperature (°C)
. = Reprinted from Welding Journal. Used by permission of the American Welding Society.
ductile fracture2| 578




Factors affecting DBTT

300 (—

0.01 0.11

200 |— 0.22

Impact energy (J)

100 |—
L
0 | |
-200 -100

Temperature (°C)
Reprinted with permission from ASM International, Materials Park, OH
44073-9989, USA; J. A. Reinbolt and W. J. Harris, Jr., “Effect of Alloying
Elements on Notch Toughness of Pearlitic Steels,” Transactions of ASM,
Vol. 43, 1951.

Alloying contents
Microstructure (grain size)



Design Strategy: Stay Above The DBTT!

 Pre-WWII: The Titanic  WWII: Liberty ships

i

Reprinted w/ permission from R.W. Hertzberg, "Deformation and Reprinted w/ permission from R.W. Hertzberg, "Deformation and

Fracture Mechanics of Engineering Materials", (4th ed.) Fig. Fracture Mechanics of Engineering Materials", (4th ed.) Fig.
7.1(a), p- 262, John Wiley and Sons, Inc., 1996. (Orig. source: 7.1(b), p.- 262, John Wiley and Sons, Inc., 1996. (Orig. source:
Dr. Robert D. Ballard, The Discovery of the Titanic.) Earl R. Parker, "Behavior of Engineering Structures”, Nat. Acad.

Sci., Nat. Res. Council, John Wiley and Sons, Inc., NY, 1957.)

« Problem: Steels (in BCC) were used having DBTT' s just
below room temperature.



DBTT & Feynman & Challenger

On January 28, 1986, the Space Shuttle Challenger broke apart 73 seconds into its
flight, leading to the deaths of its seven crew members.

http://www.aerospaceweb.org/question/investigations/q0122.shtml
http://www.openculture.com/2008/03/richard feynman_on_the bongos.html



http://www.aerospaceweb.org/question/investigations/q0122.shtml

Fatigue (I| 2)

ol

E} 7t OFLI 22,

ittle fracture2 S A},

SH E|O-|

HO| M- (crack initiation)

N
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(final failure)
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—
—

C
a~

F

B O| M I} (crack propagation)

 —
T

H i il

=
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Fatigue and stress cycle

Fatigue = failure under applied S

cyclic stress. | /

The types of cyclic stress expected
for Fatigue:

tension-compression
bending — unbending
twisting — untwisting
Types of stress-time modes —

. Time ———
Random stress cycle



Parameterization of stress cycles

Reversed (1l S5 ALO|F)

A

repeated (2F= S ALO| )

Time ————

Random stress cycle

S A0 2 S Byl 5
N=/EF2| 7HEFSE parameters &5 A
BHoLls 4AloE 22 0|28
CHEFL7|E St

Omean = O'max'z"o'min

Orange = Omax — Omin

__ Orange __ Omax—Omin
Oamplitude =, = >
Stress ratio (R) = —min
Omax



A typical fatigue test

Adapted from Fig. 10.18(a),
Callister & Rethwisch 9e.

Bearing
housing

An example where the stress cycle is realized
in combination of ‘rotation’ and ‘bending’.



b
S-N curve =7

Q Ere T2 AN * = L
S5 ZI=F(s)dt mh£0| E M 7HX[ 2] cycle =(N)E 44 y= x= 22 LELHCT
o it O 1 o
SHES HTEN NS v,
CycleT= T log scale 2 HA|BFL}
Zi‘ | I l I l EH7H ngl 2/3% Oamplitude
2 2 4B A EE AR
3
A ] R ——.
Fatigue strength 48 = %Gamplitude U=
atigue stren —_ -
atNycycles [~~~ 7~ 777 S | )\E‘|7é‘|_cl>_ Jél %I% I:IJ-%
| |
! |
! |
| 4 | |y | |
108 104 Fatigue life 107 N;108 109 1010

at stress S

Cycles to failure, N

(logarithmic scale)

Low-cycle
fatigue

High-cycle fatigue




Types of Fatigue Behavior

 Fatigue limit

(endurance limit), Stat:

--no fatigue if S < Sfat

* For some materials,
there is no fatigue
limit!

stress amplitude

S =

stress amplitude

S=

unsafe
Stat__ N\
safe
| | |
10 10° 10" 10°
N = Cycles to failure
unsafe
safe
| | |
10°  10° 10" 10°

N = Cycles to failure

case for
Steel, Ti alloys ...

Adapted from Fig.
10.19(a), Callister &
Rethwisch 9e.

case for
Al, Cu, Mg...

Adapted from Fig.
10.19(b), Callister &
Rethwisch Ye.



S-N curves for various materials

700
l I |
o —
- . m¥ 3 MO AT
600 N Ti-5Al-2.5Sn titanium alloy El-%l:-g' Ell'z—'l\— XHEQ -N _I'T |_-|
4340 steel
500 | — * Fatigue limit= HOF=MNMeE
A ZOLE R},
53_ 400 |— —
3 1045 steel
€ 300 —
E
= 0| M| 10.2 2} 10.3
200 |— —T
A-T6 Al alloy
\ \
100 — - ‘ " =
EQ21A-T6 Mg alloy
ol | | |
10* 10° 10° 107 108 107

Cycles to failure, N
Data taken from the following sources and reproduced with permission of ASM
International, Materials Park, OH, 44073: ASM Handbook, Vol. |, Properties and Selection:
Irons, Steels, and High-Performance Alloys, 1990; ASM Handbook, Vol. 2, Properties and
Selection; Nonferrous Alloys and Special-Purpose Materials, 1990; G. M. Sinclair and
W. J. Craig, “Influence of Grain Size on Work Hardening and Fatigue Characteristics of
Alpha Brass,” Transactions of ASM, Vol. 44, 1952.




Fatigue S-N probability

400

300

Stress, S (MPa)

200

100 [—
| | | |

104 10° 108 107 108 10°

Cycles to failure, N

(logarithmic scale)
From G. M. Sinclair and T. J. Dolan, Trans. ASME, 75, 1953, p. 867. Reprinted with
permission of the American Society of Mechanical Engineers.



Fatigue failure: initiation and propagation

1) Crack initiation (7 € ‘4 )
Small crack is created where the stress is ‘concentrated’.

2) Crack propagation (& T I}
Crack advances incrementally with each stress cycle

3) Final failure
When crack reaches the ‘critical’ size, failure rapidly occurs

Cyclic loading can produce 'steps’ caused by dislocation slip.

Nfailure — Ncrack initiation T Ncrack propagation
For high cycle fatigue (low loads); N rack initiation 1S high.



Fatigue failure: initiation and propagation

Crack initiation at the sites of stress
concentration (microcracks, scratches, T o
indents, dislocation slip steps and the ‘

like). Surface defect provides stress
concentration thus surface quality is
important.

Crack propagation Stage ||

Stage I: initial slow propagation along /
crystal planes with high resolved shear
stress.

Stage Il: Faster propagation
perpendicular to the applied stress (i.e.,
typical feature observed for brittle
fracture)




An Interesting recent stu

Acta Materialia Acta

Materialia

Volume 166, March 2019, Pages 56-66

Full length article

Improved fatigue resistance of gradient nanograined Cu

Jianzhou Long @ !, Qingsong Pan 2 ', Nairong Tao 2, Ming Dao ®, Subra Suresh © & &, LeiLu 2 &

=

2 Shenyang National Laboratory for Materials Science, Institute of M
Academy of Sciences, Shenyang, 110016, People's Republic of Ch}
b Department of Materials Science and Engineering, Massachusetts i“
Cambridge, MA, 02139, USA
¢ Nanyang Technological University, Singapore, 639798, Republic of;

- o6 [0 a OUFGICS _x = 100

o5 ° o %

E’ 00 % e

5 GNGICG = IS

2 g

g g g7

2 04 3 e

3 F100 s

=, H f g

£ 9 X GNGICG GUFGICGCG Ae/2 | o

202 g g® 14 —— —_ —— 05% B 50

2 N P 2] — - = 029% E

o . L L L o " L " 3

10° 10° 10’ 10 100 100 100 10° 10° 10° 10°

Reversals to failure, 2N, Fatigue cycles, N Transition life, (2N,),




Fractography of fatigue failure

Two types of markings
Beachmarks (Sl 'H £ 5| — 22 clamshell markings) - 22 2 THH Jt5 Fig. 10.22
Striations (EF+X|) - 0% ’“Or SEM, TEM 2HEF — Fig. 23

o OHE =2 58 =7t OtLE| crack tip2] £ X| - L2 '—fOIEIH = ;=

— | o 1= ; =
A2 Q5 O| S 20| 2} stress concentration 2 2 QI5H crack tip2 28 HAE t5;
O| & markmgg S Ol &g B =X,

—

crack origin Fig. 10.22

1 pm
From V. J. Colangelo and F. A. Heiser, Analysis of Metallurgical Failures, y
2nd edition. Copyright © 1987 by John Wiley & Sons, New York. \
Reprinted by permission of John Wiley & Sons, Inc. \

Direction of rotation |



How to Improve Fatigue Life (Read Ch 10.10)

1. Impose compressive 3
= Adapted from
surface stresses S Fig. 10.25, Callister &
€ Rethwisch Ye.
(to suppress surface o ,
. 3 " Zero or co.mpresswe O,
cracks from growing) = erate tensile o,
v er tensile g,
(V)] | ] 1
N = Cycles to failure
--Method 1: shot peening (Fig. 10.27) --Method 2: carburizing (see Fig. 10.28)
shot
’
surface
into /
pmpression
2. Remove stress (7 bad (" better

\ \ )
concentrators. % Fig. 10.26, Callister &
| ‘ ' Rethwisch 9e.

bad better




Other factors

Thermal (thermal cyclic fatigue) - € L| 2
7| AM S4 8l0], 120AM o] 2= Hot= Qlot IO 2.
=2k Hot= @Y A =22 0|0 TIC}E O|2 Q15| 2 Hatof HE 33 &Y

Corrosion fatigue
Combination of stress and chemical attacks.

Stress Corrosion Cracking (SCC)




Creep; and three stages in creep rate

Sample deformation at a constant stress (o) vs. time Adapted from
Fig. 10.29, Callister &

Rethwisch 9e.

0)

Ta,e A

Rupture

.

Tertiary

ot

Ae

Primary

-,

<
Creep strain, €

~—— Secondary ——

&

Instantaneous deformation
Primary Creep: slope (creep rate) decreases with time ¥

Secondary Creep: steady-state Time, ¢

i.e., constant slope (Ae/At=constant); constant creep rate

Tertiary Creep: slope (creep rate) increases with time



Creep; Creep test under constant load
tH

1}%

SE=S=

Deformation under ‘static’ load / Stress
changes under ‘static’ deformation —

here by static means a ‘fixed’ constant

load or deformation. S

Time-dependent and permanent
deformation.

Creep tests divided into two controls:
Static load control

lF = Constant
) ) lF = Constant
Static deformation control l l%

For metal alloys for structures, creep
usually occurs at high temperature
(0.4>T/T,,)



Creep test under constant load

Creep strain, €

Primary

Secondary

JTLl-OE:I Rupture

X

Instantaneous deformation: o1& O]
7V K= =2t S A| 2. Elastic
Primary creep (1At 22| ) / transient
creep (0| 22| Z); strain hardening
occurs thus creep strain rate decrease
Secondary creep (steady-state creep
H4 Aeg(m)

Tertiary (3AF 22| IZ); creep strain rate
increases; due to necking;

Rupture (pulls apart);

/——>
Instantaneous
deformation

Time, t

<+




Two parameters from creep test

MaraFe|= —_|-L7PO1|)\-| O Ae/At (&)
I} E Rupture = 7"'“ 2| = (steady-state

/ creep rate). -.;JXFE-Q- M Z; creep
resistant materials for long-term usage

Tertiary

Creep strain, €

Primary

Seconcary - TEAIZE L, A0 B FL,

|
|
|
|
|
|
|
|
S |
/” N\ O =0 =&7(2 turbine blade,
"

Instantaneous Time, t rocket motor nozzle.
deformation

0ot

2 e,

Creep characteristics= 34| & =51t =220 &




Creep: Temperature Dependence

Creep characteristicse 7| 218 S &5l 2 £ 0| Aofs =T}

x

Increasing T

= x

gl -

(7)) -7 X

s

O — Creep H'dSt=
T<04Tm e xA
Time

Figs. 10.30, Callister &
Rethwisch 9e.




Creep characteristic affected by stress

C}.

rr

Creep characteristicse 37| 21 8ol= SEHII 2 =0 o= E

e, = Kio® (K| &2| HE|E steady creep rate / stress 2t A| LIEFLHC})

S A2 = £ X (creep rate at the steady-state) 2| 33 2[Ed S X422
M
= O

1000 RN |]|||||| | |||||||| | IIIIIIT] IR L L
800 = =
600 —
400 . Iné; =nlno +InKjy
S 200 i
=
- 11
£ 100 |- - Inoc =—Iné ——InK;
80 . n n
60 [~ .
wl 1 yzaxsb O el (F, M £HA))
i . = logarithmic stress/logarlthmic steady-
2?0_6I | ||!|g_5| ””1”(!—4 ||||1||(||)_3| |||[1||g_2| ||||1||g_1| ||n||i | |||||{1]0 | ”H;ﬂ)ZI |||||1||03 state creep rate= A—| o:l _T_l|.7;”§ |_|_E|.I_|-

Steady-state creep rate (h™1)
Reprinted with permission of ASM International.® All rights reserved.
www.asminternational.org



Creep characteristic affected by stress and temperature

Q
€. = K,o%exp (— R—;
1000 =TT Ty T Ty T T T T T =3 =, o , L
oo - 1 2k Az et g 7| =70 Ol = 220 hEf
- : i C ]
// | nQcgrol getxpl e,
ot 730 1 n1tQ, at0| HS= O|F = creep 2| mechanismO|
s | =Epx| 7| W2 o|LCt,
g o0 25°C 4« 7| 5= (vacancy diffusion)
oo F 1 o A= (grain boundary diffusion)
o 1 « T2 0l % YA =8 (grain boundary sliding)
Yo ) IMRTIIT! RN IRTYTT M RTTIT IR M RRIIT MENTT R MERTI WARAN
106 105 10% 103 102 1071 1 10 102 103
Steady-state creep rate (h™1) Adapted from
Reprinted with permission of ASM Intirnational.@g All rights reserved. 200 B | Fig. 9.38, Callister &
www.asminternational.org o Rethwisch 4e.

(Steady-state)
creep rate increases
with increasing T, o

10

10-2 101
Steady state creep rate ¢, / 1000 hr

[Reprinted with permission
from Metals Handbook:
Properties and Selection:
Stainless Steels, Tool
Materials, and Special
Purpose Metals, Vol. 3, 9th
ed., D. Benjamin (Senior
Ed.), ASM International,
1980, p. 131.]



Creep Failure

 Failure: along grain boundaries.

From V.J. Colangelo and F.A. Heiser, Analysis of Metallurgical Failures (2nd
ed.), Fig. 4.32, p. 87, John Wiley and Sons, Inc., 1987. (Orig. source:
Pergamon Press, Inc.)



Data extrapolation methods

Need creep data for testing conditions that require impractically long time to collect

the experimental data (years of testing time — e.g., materials used for nuclear power
plants)

One way to obtain experimental data for prolonged tests is to impose an excessively
harsh conditions (higher temperature than in-service condition) to shorten the time
periods.

You are ‘extrapolating’ the data since you ‘guess’ the behavior that you actually didn’t
measure.

A common extrapolation procedure employs Larson-Miller parameter (m) defined as

m=T(C +logt,)
We assume the Larson-Miller parameter (m) is a constant.



Example

Your task is to conduct the rupture-test for an alloy that obeys Larson-Miller
parameter:
m =T (20 + logt,) = CONSTANT

Your boss asked you to test the material at 700K which is expected to complete in a
year.

If you want to finish the test in a month, what should you do? The answer is you
have to give impose the specimen a harsher condition than 700K.

T1(20 + log tr,(l)) =T, (20 + log tr,(z))
700K X[20 + log(24h x365)] = T,(20 + log 24h %x30)

Solve for T,. TF2{Of| =2



SUMMARY

e Engineering materials not as strong as predicted by theory

e Flaws act as stress concentrators that cause failure at
stresses lower than theoretical values.

e Sharp corners (crack .. ) produce large stress concentrations
and premature failure.

e Failure type dependsonTand o :

-For simple fracture (noncyclic 0 and T < 0.4Tm), failure stress
decreases with:
- increased maximum flaw size,
- decreased T,
- increased rate of loading.

- For fatigue (cyclic o):
- cycles to fail decreases as Ao increases.

- For creep (T> 0.4Tm):
- time to rupture decreases as o or T increases.
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