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Chapter 1 Failure analysis of machine element

Common fallure classes:

Excessive deformation
Fracture
Fatigue

Wear
High temperature creep

Corrosion THEEND
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§ 1-1 The excessi

at room temr
1.1.1 Stress-strain
materials in o

ve deformation of parts

perature and on dead load
nehavior of engineering
ead tension

1. Stress-strain be

|
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navior of annealed low carbon steel

OA: elastic deformation
ABC: vyield

CDE: plastic deformation
E: fracture
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MAE ¢

Stress-strain curve of annealed low carbon steel
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2. Stress-strain behavior of other type of materials
A

M AE &

Stress-strain curves of other materials
1-- pure metals, 2-- brittle materials, 3-- high elastic materials
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1.1.2 Indexes of property on dead load
1. Stiffness
For one-way tension (or compression):

E — elastic modulus

For pure shear:

G — shear modulus
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2. Strength
o ,— proportional limit

o, — elastic limit

o — Yield strength
O ,— tensile strength

o, — fracture strength

W AE ¢

KT Stress-strain curve of annealed

low carbon steel
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3. Elasticity
E — elastic modulus

G —shear modulus

Eq— max-elastic strain

u — elastic energy

1 1o
U==-o0,6 =——=
2 2 E

€

¢ MAE ¢

| THEEND | =

lastic enero
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4. Plasticity

Tensile elongation O = . x100%

. . — A
Contraction ratio of area W = Ao x100%
at fracture face AO
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5. Hardness
Brinell hardness HBS
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Rockwell hardness HRC
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Vickers hardness HV
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1.1.3 Fallure of excessive elastic deformation

1. Phenomenon

2. Cause
. _ P
Insufficient Stiffness — = FEA
E
select materials that have higher E
3. Solution{
Increase A of parts
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i ! E/(10*MPa) I o E/(10*MPa)
£ el 102 A (Cu) 12.6
WC 46~~67 e 12.2--15. 3
EnE 2 41~55 Hee 8.1~13.3
Ti,Zr,Hf B8 1647 S1 HERER 10.5~12.6
SiC 46 REFE 9.5
W 41 7 (AD 7.0
AL O; 40 HE® 7.0~8.1
TiC 39 R g 7.0
HEHe2 32.5~37 BT 4.6~5.1
SisN, 30 FHEAEF SR 0.7~4.6
MgO 25.5 A (GAE) 0.9~1.7
REE 13~24 EEER 0.1~0.5
BrA AR AR 720 Bx 0.2~0.4
BRI AR TN 20 AHLFE 0.34
ek 17. 3—19. 4 BZiE 0.02~~0. 07
(=g 20. 4~21 B 0.001~0. 01
E XA EN 19. 4~20. 4 BRI LE 0.0003~0. 001
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1.1.4 Failure of excessive plastic deformation

1. Phenomenon

2. Cause

Insufficient strength

o, Of o, Or O,

select materials that have
3. Solution{ highero, or o, or o
— increase theo, or o, or o,of materials
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S 1-2 Fracture of parts on dead or impact load
1.2.1 Basic concepts of ductile fracture and brittle fracture

1. Ductile fracture u

2. Brittle fracture

_ i b SRAE ey W e e = Ny PN
,_"r“‘l o h R, .
Fig. 9. m wviews of a fracture from lmdmgen embrittlement in a type 431 si®E24s steel
mngmom-hmd closure. See also Fig. 19 and 11.(Example 7) PN
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Failure-Analysis Fractographs; Bending-Fatigue Fractures ina 1045 Steel

Transmission Gear and a 1045 Steel Crankshalt

Photograp

>~ -
h ” 5 steel. induiction hardencd 1o BEL5E1R 33 at the
= - s in o Yeein, o . o isston gear of 1045 steel, induction ha
4877 A pending-fatigue fracture in a Yein. constant-mesh transm 1hn- Veacture, where a small pit existed neg e con

surface. The arrow indicates the crack origin at the lelt edpe of

tact aren on, the pressure side of the tooth. See also fractograph 4878, beluw h "
THE END B
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1.2.2 Impact toughness and its index
1. Impact test

iy

'

The specimen for impact test  Principle illustration of impact test
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2. Impact toughness

3. Impact toughness index —
a, _ A (J-cm™)
F
A, — Impact work (J)

F. —— Area of fracture face (cm?)
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4. The relationship between the impact toughness
and temperature

A

The impact toughness 3
decreases with decreasing | =
temperature §

H

+
There is a ductile-brittle
transition temperature

O

5

T

Diagram of change in impacttoughness
- THEEND of three kinds of steels with temperature
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1.2.3 Fracture toughness and its index
1. Fracture toughness o
|

2. Fracture toughness index [ /
For the crack of type I 7 \{l; |
K.=Yova (MPa-m"?) z

[~ |
v
O — tensile stress o 1 | /®
d — Iength of half a crack open-crack (type I)
Y — a factor of geometric form of the crack of type |
Y1 ~2 meeeND
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3. Application of K. to engineering design
Application to selection of materials

As the known o and d, K.>Yoa

Application to definition of maximum tensile stress o

KIC

.

Application to definition of maximum length of crack @,,,,,

Asthe known K.and &, 0O, <

2
Kic
As the known K. and o7, a_ . < v
o
| THEEND
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4. Solutions of increasing K. of materials

By alloying

By heat treatment
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1.2.4 Influence factors on the brittle fracture
Nature of materials

R 12 F LTI BRI BB E K B

L Kic/MN. m kL Kee/MN. m ™"
S8 (Cu. Niv AL, Ag 100~350 BRI 2
%)
B4 (AB33 %) 204~214 KA, HECFATH % 0.5~1
71752840 (HY130) 170 IR ER 1.0~2.6
= 5 AN 50~ 154 Co/WC & BI%E 14~16
R B EN 140 7= g i 0.3~0.5
&4 (Ti6A14V) 55~115 Rk 0.5
BIE At (R E A BE ) 4260 SisNg 4~5
e (FmuE-REE) 23~45 Sic 3
AR R RS 32~45 o
EIEAN, HEMAEER 11—13 Mg0
WA eI om A PR B B 46 KR/ IREEL, RiBiLA) 0.2
AN 51 FEA 0.9
RN IE 3 A1,0; 3-5
Bl&E (REE)D 1 VIS 0.6
BZE (BEE) 2 HFT B 0.7~0.8
JETE 3 B & 1
KR 10~15 ¥k 0.2%
HE 6~20
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Loading mode
Temperature and loading velocity

Stress concentration

————————

ol

P\ | 4’ O "{(T%J]Dﬁﬁf% )
_ AN

Omax

N
N
~
g
_J o P
0O Ty Tx @
Diagram of stress concentration at Diagram of change in yield
notch on dead load strength with temperature

Size of parts  THEEND
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S 1-3 Fatigue fracture of parts on alternating load
1.3.1 Basic concepts of fatigue fracture

1. Alternating load
7~
AN \/
/\\/ \/ /\\/
N/
= ]'I{:l)ll'l
Omin 0
o - =~ Omax 0 - r<0 0<r<li
Om=1( Um:UmTax Om=— n2]m om <0 Om >0
Ty (25 WA R & VERT T ST
Ko | R (g | UM | OcRkn
@

| THEEND Several common kinds of alternating stress
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THE END
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THE END
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THE END
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THE END
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THE END
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2. Feature of fatigue fracture

lower stress 0 < O,

Suddenness and brittle fracture

Course of fracturing

Crack forming — Crack propagating — Final fracturing
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1.3.2 Feature of fatigue fracture face

W97 R R IX
IRGES

W57 PIX

~

ORI @
Diagram of fatigue fracture face

There are three zones in the fatigue fracture face

~atigue crack source zone

~atigue crack propagating zone

~inal fracturing zone
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1. The fatigue crack source zone
Forming at place [ Internal_defects (impurity, hole) |
where the stress < Processing defects (tool marks, micro-crack)

concentrating Unseasonable design (suddenly change in
> cross section)

2. The fatigue crack propagating zone

W97 R R IX.
[iIRGES

There are fatigue streak
lines like “shell streak™

or “sea beach” L S
3. The final fracturing zone F
There are Radial streak lines ”
R WX g
UEED Diagram of fatique fracture face
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1.3.3 The fatigue resistance index of no-crack
parts (components)

1. Fatigue limit and overload endurance value
1) Fatigue curve

Rotating bending fatigue test

N|N,N3N, Ns Ng
| THEEND WHN 3%

Diagram of fatique curve
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g—|

s l T
lg N No _IgN

) by &

Two types of fatigue curve a) for ferrous and
b) for some non-ferrous (e.g, Al alloys)

2) Fatigue limit — o _;

) \I N\
|
I
Ny
a

3) Conditional fatigue limit

4) Overload endurance value | THEEND
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2. sensitivity of fatigue to
ol
) .
| ; smooth lspec'me” Stress concentration
I | € \\ at notch on dead
: | TR T load (a) and effect
\( of the stress
- — _ concentration on
il 5 notched specimen fatigue limit (b)
&N
2) b) @
K. -1
f O O
(= < 1 (0<g<1) K, =—= K, = —ma
t O _1n Om
O0_; — Fatigue limit of the smooth specimen
O_in — Fatigue limit of the notched specimen
O max — Maximum stress at stress concentration
O'm — Mean stress at stress concentration  THEEND
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1.3.4 Factors affecting fatigue resistance
1. Load types

Tension-compression fatigue
Torsion fatigue

Tension-tension fatigue
2. Nature of materials

1) Different materials have different o_;

k
800 |-
S 6001 o %gﬁy
= €< 0
o /oﬁ
2400 y
= -~ Y
0 | ] I 1 1 _—
102 10 10° 10° 107 10® 10%
FEFR IR N ‘@

_ The fatique curves of some materials
SCHOOL OF MATERIALS SCIENCE AND ENGINEERING OF XI'AN JIAOTONG UNIVERSITY



FHXAA Y munssTrRER

2) Different microstructures for the same material have different

& 1-3 40Cr HA ZARADR I 57 A PR ) 5

S AR A o,/ MPa | o,/ MPa
Bk CERZ=AR+ERGAR) 650 341
ek CE AR 2080 775

3) Purity of materials has enormous affect

A
1100

o/MPa

700

600 -
500

340 fH ¢p=1610 MPa

1000 4
900 |
800 | HAS IR

o_1=789MPa

FeSE L LE M o—1 = 630 MPa

1

L

1 1

1
103 104

103

106
PEIR JIR N

107 108

o,

& L]

E -]
.

he effect of perity of 4043 steel on the fatigue curves

T
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3. Surface state of parts

1) Smoothness of surface

T 14 FEREE TR PUi @ BRI 57 T FR 8 2209

7 ol RERE & E o, / MPa EFWR o,/ MPa
FerEiR e 656 280
45 4N .
RSO A JIRRE 654 145
40Cr N (Zk+2007C[H] FIE IR 1947 780
) B ITRERE 1922 300

2) Stress state of surface

4. Temperature

5. Corrosive medium  THEEND |
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§ 1-4 The wear failure of parts

- Adhesive wear

_ Grain abrasion
Common wear failure classes -

Corrosive wear

- Contact fatigue
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1.4.1 Adhesive wear
1. Phenomenon
2. Mechanism
{3
BB @
~ Diagram of mechanism of the adhesive wear
3. Solution THEEND
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1.4.2 Grain abrasion

1. Phenomenon
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2. Mechanism

) 3
S
_‘9&
5%
Y
S AL

Diagram of mechanism of the grain abrasion
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3. Solution /
- Crl2 ]
)
/ = //,T-lz
Jﬁ 4 T8
B 40 M
fé’ Tio 4080
Cr
20 Fe !
Ni
Cu
Zn
Pb|
0 200 400 600 808
i HV &

The relationship between
relative wear resistance and
hardness of materials

_ enduring grain-abrasion
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1.4.3 Corrosive wear

1. Oxidative wear

1) Phenomenon

2) Cause

3) Solution
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2. Fretting wear

1) Phenomenon

2) Cause Y Mg WL i
| S
3) Solution Z R

N

2
1 )

R1.2

a)

NN

NN

b)

%,

-

ck)!.%mx ’

Schematic of examples in design of fitted axle b
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1.4.4 Contact fatigue
1. Phenomenon
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THE END
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THE END
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2. Mechanism
3. Solution
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THE END
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3 1-5 The creep deformation and fracture
of parts at high temperature

1.5.1 Failure of parts at high-temperature
1. High-temperature creep
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2. High-temperature oxidation
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1.5.2 Creep limit and endurance strength
1. Typical curve of creep }
Typical curve of o o
creep B e
© A Ie] ¢ @
| 7 01 >0y>03>04 ‘ I T\ >1,>T3>T, ”
B oy A3 T43
— ’
) . &2 i} -
The effects of stress (a) and temperature (b) on curves of creep
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2. Creep limit

3. Endurance strength
T
O

1.5.3 The way to increase mechanical properties
of metals at high-temperature

SCHOOL OF MATERIALS SCIENCE AND ENGINEERING OF XI'AN JIAOTONG UNIVERSITY



