ME111
Instructor: Peter Pinsky
Class # 26
November 27, 2000

Today’s Topics

« Introduction to fatigue failure.

« Stages of fatigue failure.

« Creating S-N diagrams for design.

« Overview of approaches for high cycles fatigue (HCF).
« Fully Reversed Uniaxial Stress HCF.

« Fluctuating Uniaxial Stress HCF

« Fully Reversed Multiaxial Stresses HCF.

« Fluctuating Multiaxial Stresses HCF.

Reading Assignment

Juvinal, Chapter 8
Problem Set #8 Due in class Monday, December 4, 2000

This is the final ME111 problem set and is worth double value.

Ch.8:5, 6,7, 17, 19, 21, 23, 26, 28, 30, 33, 38, 46
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26.1 Failure Due to Time-Varying Loads
 Most failures in machinery are due to time-varying loads
Rotating machinery loads

forces fixed in space

[:.\/ Stress at A
egular and periodic in time

rotates bearing

Service equipment (e.g. ships, automobiles, airplanes)

M e

(Cycllcal character but can
be almost random in time

« With time-varying loads, failure « Failure under time-varying
typically will occur at stress levels loads is called fatigue failure.

well below the yield strength.
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26.2 Mechanism and Stages of Fatigue Failure

« Crack-Initiation Stage (C-I)

Microscopic cracks form at stress concentrations due to
microstructural inhomogeneities such as particles, inclusions
and voids

« Crack Propagation Stage (CP)

-- Growth of the microcracks due to cyclical tensile stresses causing
crack length growth due to 2Plasticity at the crack tip.

-- Crack length growth O(10 °) to 0(10'4) inches per cycle.

-- Corrosive environment can produce accelerated fatigue failure.

« Eracture (F)

-- Fracture occurs when K = K¢
-- Failure occurs instantaneously
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26.3 Fatigue-Failure Models

« Fatigue Regimes

Based on the number of cycles (of stress/strain) that the part
must undergo in its lifetime, we consider:

Low- Cycle Fatigue (LCF)

0z N £10°
High-Cycle Fatigue (HCF)
N> 10

« Stress-Life Approach

-- Stress-based approach is most useful for HCF.

-- Works best when stress cycles are regular.

-- Seek the fatigue strength and endurance limit.

-- Perform design based on factor of safety applied to the
fatigue strength

« Strain-Life Approach

-- Strain-based approach is most useful for describing the crack
initiation stage.
-- Most often applied to LCF.

« Linear Elastic Fracture Mechanics (LEFM)

-- LEFM provides the best model for crack propagation stage.
-- Most often applied to LCF.

-- Especially useful for predicting life of parts with known cracks.
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26.4 Characterizing Machine Loads

Two general types:

Rotating Machinery Loading

Ca

AW aNraNVANES
VAVRVRVEY

Fully reversed loading

(o) fc
AVAVAVAVAVE
Repeated loading ‘

f

Fluctuating loading

o

Service Equipment Loading

Semi-random and does not
repeat with any clear period

T
| t

Stress Definitions (for rotating machinery-type loading)
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Stress range Do =6y -0 min
Stress ratio R=—m
. o = 0 Gma
Alternating stress o , = —& > o
Amplitude ratio A=—2&
G +toc c
— max m
Mean stress Om= >
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26.5 Overview of Approach to HCF Analysis

|
Fluctuating

Fully reversed lucl
Uniaxial stress Uniaxial stress
11 v
Fluctuating

Fully reversed

Multiaxial stresses Multiaxial stresses

ANVA /_\i/_\ /\ t Fully reversed
VALVERVARVARY;

[e)

“ i
QNW—\XJ | Fluctuating
1 |t

(o}

Do =¢ - O mi . .
Stress range max - = min Fatigue life:
. — O max - O min > 0 reduced
Alternating stress © 5 = > Om
" t o = mac* O min 6 m<0 Increased
ean stress mTT 5
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26.6 Fully Reversed Uniaxial Stress HCF Experiment
Materials with an endurance limit
experiment
Fatigue strength .
. . c a
1og,(Sse) HCF failure line J_
t
Sul
S¢
knee region
Endurance /
limit |
Sk
-~
} } } } } } t }
10° 10° 10° logo(N)
S-N Curve
« Endurance limit
High strength steels
S¢ » 0.5S, S, < 200 kpsi (1400 MPa)
S¢ » 100kpsi (700MPa) S, ¢ 200kpsi (1400MPa)
» LCF - HCF Transition
Bending SF% =09 Sn
Axial loading S¢ = 0.75 S,
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26.7 Fully Reversed Uniaxial Stress HCF Experiment

Materials without an endurance limit
experiment

° £

Fatigue strength

t
10go(Se) HCF failure line
S
St Some material exhibit
changing slope (no knee) --
Aluminum, copper
Enduranct
limit
Sk

|
10° 10° 108 logy, (N)
Many materials do not exhibit an S-N Curve
endurance limit -- low-strength carbon

and alloy steels, irons, titanium alloys,
some polymers

« Endurance limit is defined as strength at a specified number of cycles

Aluminum
5%5'108 » 04311 sn < 48kp5|
8%5, 16 ” 19kps Sy 48kps
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26.8 Basic relationship between Sf, St and S,

Steels
S¢ » 0.5S, Sy < 200 kpsi (1400 MPa)
St » 100kpsi (700MPa)  S,,@ 200kpsi (1400MPa)

Irons
St» 045, S, <60kps (400MPa)
S¢ » 24 kpsi (160 MPa) S, 3 60 kpsi (1400 MPa)

Aluminums (No endurance limit)
S%s* 6”7 048, S, <48kpsi(330MPg)
8%5, 1¢ > 19kps Sy ° 48 kpsi (330 MPa)

Copper Alloys (No endurance limit)
S%S‘ 16> 048§, < 40kpsi(280MPa)
Ste.¢ » 14kps S, ° 40kpsi(280MPa)
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26.9 Correcting experimental data for design

Corrected endurance limit:
S, = CLCCsSe
Corrected fatigue strength:
S=C,C.CSe

See Juvinall Sect
8.8 for coefficients

True fatigue strength

109,0(S) HCF failure line for actual piece
Sut
Sm
S
} } } } T log;o(N)

10° 103 10°

Fatigue strength at N>102 cycles:

S, =aNP

b= L jogin?
T3 S, ;

logo(a) = log,o(S;,) - 30

11/28/00 ME111 Lecture 26

10

ME111 Lecture 26

11/28/00



11/28/00

26.10 Factor of Safety Safe/Failure Regions
« Design for HCF: « Design for Infinite Life Fatigue:
o a
S S
N, = = N, =—=%
Ca Ca
26.11 Fluctuating Uniaxial Stress HCF
c Sm Oa
|
t .
* Safe region
Ca
5 S, S om
Gerber line Experiment results for a
given number of cycles
1 with reversed fatigue
strength of Sf Important note:
If the material exhibits an endurance limit, the above figure can be used
for infinite life fatigue by replacing
Goodman line - S with S\
Sa,%m_
S S Sm
0 1 Su
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Factor of Safety -- 1

AN Typical point

Example -- 1 /

The alternating stress is constant over the life of the part but
the mean stress can increase:
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Factor of Safety -- 2
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. . m
AN Typical point
Example 2 /
The alternating stress and mean stress can increase in a fixed ratio,
OB,
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26.12 Fully Reversed Multiaxial Stresses HCF
° f

(Cmb\i

« Assume stress components are synchronous (in phase)
(called simple multiaxial stress)

« von Mises (effective) alternating stress 3-d:

0_gz‘j(cax' Gay)z"'(o'ay‘ 0'az)z"'((‘az' Gax)z"'6('5gxy""tazyz""tgzx)
2

« von Mises (effective) alternating stress in plane stress:

- 2 2 2
0-g_‘\/sax"'o-ay' 0-a><5ay+"’:,"Taxy

Factor of Safety

« Design for HCF: « Design for Infinite Life Fatigue:
S
N, ==L N; = S
cf cf
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26.13 Fluctuating Multiaxial Stresses HCF

« Assume stress components are synchronous (in phase)
(called simple multiaxial stress)

» von Mises (effective) alternating stress in plane stress:

- 2 2 2
Ug:_ ‘\/G ax+°-ay' O-axcay+ 3‘raxy
« Effective mean stress in plane stress:

CE=0 1 *O y *O (Sines method)

cw]:\lc,fm+6ﬁv—cwcw+3,%y (von Mises method)

Factor of Safety

« Design for HCF: « Design for Infinite Life Fatigue:
Same as Fluctuating Same as Fluctuating
Uniaxial Stress HCF Uniaxial Stress HCF
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