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Outline
• Failure Analysis

– Ductile Overstress
– Brittle Overstress
– Fatigue
– Stress Corrosion
– Embrittlement
– High Temperature Deformation
– Failures in Polymers and Composites 
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Types of Loading
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Brittle versus ductile materials

• Under stress, energy applied to 
atomic bonds

• Which takes less energy: break 
bonds or rearrange atoms?

• Can change with temperature in 
certain materials
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Brittle versus ductile material
• Ductile materials

– Deform plastically 
until local instability 
(necking)

– Small voids begin to 
form in center of 
material

– The material between 
these voids finally 
breaks

• Brittle materials
– No gross deformation
– Few indications of 

impending failure
– Bonds break along 

weakest areas in 
material
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Ductile Overstress – Tension

Shear lip

Ductile Brittle

Shear Lips

Necking

V. Kerlins and A. Phillips, Modes of Fracture, Fractography, Vol. 12, ASM Handbook, ASM International, 
1987
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Locating the Origin of Fracture

• Radial marks • Chevron marks

Crack front
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Overstress Fracture - Tension
Tensile Test Samples (after pulling to fracture)

More brittle More ductile
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Overstress Fracture - Tension

Drill pipe end

Automotive bolt

Steel bracket
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Ductile Overstress – Tension 
Thin Wall

• Rivet holes 
reduce net cross 
section
– Increases local 

applied stress
• No out-of-plane 

deformation
• Fracture on 45° 

slant angles
– Plane stress 

conditions
• Dull gray fracture

Stringer
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• No substantial 
necking or 
elongation

• Out of plane 
bend at final tear

• Fracture on 45° 
slant angles

45° slant angle

Ductile Overstress – Tension Medium 
Ductility
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Ductile Overstress – Shear

• Fracture 
along shear 
plane

• Permanent 
deformation

• Texture in 
direction of 
shear

Rivet

Shear (sliding) 
fracture
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Ductile Overstress - Shear
L-1011 Wing 

Spar WebTensile 
fracture 
on 45° 
planes

Shear (sliding) fractures
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Fracture

Ductile Overstress - Torsion

Fracture on one plane with 
faint patterns on surface
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Ductile Overstress - Torsion

FractureMarks on side 
of shaft show 
permanent 
deformation
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Ductile Overstress - Torsion
Tail rotor drive shaft
Thin-walled tube
Local buckling
Fracture
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Dimple morphology from 
Mode I

Mode I – Tension 

V. Kerlins and A. Phillips, Modes of Fracture, Fractography, Vol. 12, ASM Handbook, ASM International, 1987

Equiaxed Dimples
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Dimple morphology from 
Mode II

Mode II - Shear

V. Kerlins and A. Phillips, Modes of Fracture, Fractography, Vol. 12, ASM Handbook, ASM International, 1987

Shear Dimples
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BRITTLE BEHAVIOR
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Fracture on plane 90° to tensile stress
Possibly a small shear lip at edges of 

materials with limited ductility
Rough fracture surface
No macroscopic deformation
Possible crack front propagation marks 

(Chevron marks, radial lines)
– Not the same as crack arrest marks

Overstress – Brittle
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Locating the Origin Radial Pattern

Radial 
pattern

Compression lip 
from bending
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Radial Pattern Limited Ductility

Small 
shear lips 
at edges 
of fracture
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Chevron Pattern

Landing gear

Origin
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Cleavage Fracture

• Low energy 
fracture that 
propagates on   
low index 
crystallographic 
planes

• Cleavage features
– Feathers, Tongues
– Steps
– River patterns
– Chevrons

V. Kerlins and A. Phillips, Modes of Fracture, Fractography, Vol. 12, ASM Handbook, ASM International, 1987
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Cleavage Fracture
• Crystals/grains split 

along low index 
planes

• Occurs at 
“sufficiently low” T

• Still a certain 
amount of plastic 
deformation V. Kerlins and A. Phillips, Modes of Fracture, Fractography, Vol. 12, ASM Handbook, ASM International, 1987
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Griffith Fracture in Brittle 
Materials

• 𝝈𝝈𝒇𝒇 = 𝜸𝜸𝜸𝜸
𝟒𝟒𝟒𝟒

(𝝆𝝆
𝒅𝒅

)

– 𝝈𝝈𝒇𝒇 = average applied stress where crack will grow
– 𝜸𝜸 = specific surface energy
– E = Young’s modulus
– 2a = crack length
– 𝝆𝝆 = radius of curvature at end of crack
– d = mean interatomic distance

• As the crack grows, there is less stress needed 
to advance cracks
– Crack velocity will accelerate

If crack is 
internal, its 
length is 2a!
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Griffith Fracture in Ductile 
Polycrystalline Materials

• 𝝈𝝈𝒇𝒇 = 𝟒𝟒𝜸𝜸𝜸𝜸
𝝅𝝅�𝒅𝒅

– 𝝈𝝈𝒇𝒇 = applied stress for cleavage
– 𝜸𝜸 = effective surface energy
– E = Young’s modulus
– �𝒅𝒅 = average grain diameter

• As the grain size decreases, more 
applied stress needed for cleavage 
fracture
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Fracture In Polymers and 
Amorphous Materials

• Exhibit a three-
zone morphology
– Mirror
– Mist
– Hackle 

• Other features
– Rib markings
– Wallner lines
– Conic markings

ASTM C1678-09, Standard Practice for Fractographic 
Analysis of Fracture Mirror Sizes in Ceramics and Glasses
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Polymer Features
• Mirror

– Featureless, smooth
– Larger and more common in more brittle materials
– The remnant of a ruptured craze ahead of crack tip

• Mist
– Not as smooth as mirror region
– Crack acceleration prior to rapid crack growth

• Hackles
– Divergent radiating lines
– High energy dissipation due to localized plastic 

deformation on the fracture surface
– Rapid local changes in stress field, crack velocity, 

and fracture path
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Polymer Features
• River Lines

– Intensity based on material and mixed 
loading modes

– Trace back to origin of fracture
• Wallner Lines

– Formed when stress waves reflecting back 
from surfaces interfere with crack front

– Typically curved
• Conic marks

– Wake lines formed from interaction of main 
crack front with a new secondary crack in 
front of crack front
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Recap
Ductility Mode Local Deformation Fracture 

Surface 
Orientation

Plane 
Stress

Ductile Tension Necking Cup/Cone (45° 
on edges, 90° in 
middle)

45

Compression S-Buckling, bulging (45°)
Torsion Twisted grain flow, 

crush buckling
90°

Shear Bending in shear 
direction

Direction of 
shear

Brittle Tension No local def. 90°
Compression No local def. 90°
Torsion No local def. 45°
Shear No local def. 90°
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PROGRESSIVE CRACKING
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Pre-existing damage
• Structure was weaker than intended, as a 

result of some degradation:
– Fatigue cracking
– Corrosion
– Wear
– Excessive temperature
– Mechanical damage
– Residual tensile stresses
– Improper processing
– Combinations

• Could be caught by inspection or by life 
limits
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Fatigue Cracking

Fatigue:
A mechanism by which a crack initiates and grows under the application of cyclic 
stresses below the tensile strength.
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Fatigue Features
• A lack of gross deformation adjacent to the 

fatigue region
• Propagation on a plane that is 90° to tensile 

stresses (like brittle cracks)
• Lack of a shear lip in the fatigue region
• A fracture surface that is smoother and 

possibly discolored
• Ratchet marks when multiple origins are 

present
• Possibly a fatigue banding pattern with 

smoothly curving crack arrest positions



36

Fatigue Crack – Stress Concentration

Stress is uniform across part 
absent stress concentrations
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Stress Concentration
• 𝑲𝑲 = 𝒀𝒀(𝟒𝟒

𝒘𝒘
)𝝈𝝈 𝝅𝝅𝟒𝟒

– K = stress 
concentration

– a = crack length
– w = width
– Y = shape factor 

(1.12)
• Fracture/Yield 

Criteria
– 𝝈𝝈𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 ≤

𝑲𝑲𝑪𝑪𝑰𝑰
𝒀𝒀 𝝅𝝅𝟒𝟒

2a

w

σ

σ
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Fatigue Cracking
• Local stress 

concentration 
(plastic zone) 
breaks small 
amount of 
material

• Continues as 
loading cycles

• Remaining 
material cross-
section fractures 
at material tensile 
strength
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Fatigue Mechanism

• Initiation
– Crack starts on active 

slip planes
– Crack initially follows 

planes, but changes at 
continuities

39

M.F. Ashby, D.R. Jones. Engineering Materials 1, 2nd 
Ed. Oxford, UK: Butterworth Heinemann (1997)
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Fatigue Cracking

Overstress region

Ratchet 
Marks

A fracture surface that is smoother and possibly discolored
Ratchet marks when multiple origins are present

Shear lip
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Fatigue Cracking

A fracture surface that is 
smoother and possibly 
discolored

Fatigue banding pattern with 
smoothly curving crack arrest 
positions

Wikipedia

Overstress region
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Fatigue Crack Example

Landing Gear

Crack arrest marks

Ratchet marks
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Fatigue - Reverse Bending
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Region of final overload fracture

Initiation points:

Region of 

fatigue  fracture

Region of 

fatigue fracture

Fatigue crack 

arrest lines :
Crack propagation: 

Fatigue - Reverse Bending
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Fatigue Master Chart

V. Kerlins and A. Phillips, Modes of Fracture, Fractography, Vol. 12, ASM Handbook, ASM International, 1987
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Fatigue Master Chart

V. Kerlins and A. Phillips, Modes of Fracture, Fractography, Vol. 12, ASM Handbook, ASM International, 1987



47

Fatigue – Torsion
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Fatigue – Torsion 

Crankshaft Main Bearing

Spiral plane
 of fracture
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Fatigue – Torsion 

Crack arrest marks
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Some Notes on Fatigue Terminology

• Crack Arrest (Beach) 
Marks
– Macroscopic 
– Visible
– From change in crack 

growth rate (velocity)
• Striations

– Microscopic
– Only seen with an 

SEM or similar
– From an increase in 

crack front after each 
individual stress cycle

Crack arrest marks
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Fatigue Crack Growth
• Region I – Initiation

– Crack initiates at a 
stress concentration 
site

– ∆𝑲𝑲 =  𝑲𝑲𝒕𝒕𝒕𝒕
• Region II – Steady 

state
– 𝒅𝒅𝟒𝟒

𝒅𝒅𝒅𝒅
= 𝑪𝑪(∆𝑲𝑲)𝒏𝒏

– Paris–Erdoğan equation
• Region III – Final 

Fracture
– ∆𝑲𝑲 ≈ 𝑲𝑲𝑪𝑪

R.O. Ritchie, Metals Science, (1977) pp. 368-391
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Factors Leading to Crack Initiation
• Stress amplitude

– High amplitude = shorter initiation time
• Specimen geometry

– Stress concentrations at sharp corners
• Environment

– Vacuum vs. atmosphere
• Temperature

– Can increase slip, but also reduce brittle behavior
• Surface roughness
• Residual stress
• Phase/chemical composition
• Surface treatments (surface hardness)
• Corrosion 

– Pitting
– Oxide film compromised
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Region 1 Fatigue
• The initial stage of fatigue 

crack growth on slip planes
– Creates faceted surface 

morphology with slip 
bands 

– Occurs on planes with 
highest shear stress 
(CRSS)

• Typical in lower-stress, 
high cycle fatigue  

• Features
– Faceted
– Do not exhibit striations
– Common in Ni-superalloys

R.O. Ritchie, Metals Science, (1977) pp. 368-391
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Some Fatigue Analysis
• Mean stress

– 𝝈𝝈𝑴𝑴 = 𝝈𝝈𝑴𝑴𝑴𝑴𝑴𝑴+𝝈𝝈𝑴𝑴𝑪𝑪𝒅𝒅
𝟐𝟐

• Stress range
– ∆𝝈𝝈 = 𝝈𝝈𝑪𝑪=  𝝈𝝈𝑴𝑴𝑴𝑴𝑴𝑴 − 𝝈𝝈𝑴𝑴𝑪𝑪𝒅𝒅
– 𝝈𝝈𝟒𝟒 = 𝝈𝝈𝑴𝑴𝑴𝑴𝑴𝑴−𝝈𝝈𝑴𝑴𝑪𝑪𝒅𝒅

𝟐𝟐
• Alternating stress

– 𝝈𝝈𝟒𝟒 =  𝝈𝝈𝒆𝒆[𝟏𝟏 − 𝝈𝝈𝑴𝑴
𝝈𝝈𝑼𝑼𝑪𝑪𝑼𝑼

𝒙𝒙
] 

• x = 1 for Goodman (notched)
• x = 2 for Gerber (ductile)

• R ratio
– 𝑪𝑪 = 𝝈𝝈𝑴𝑴𝑪𝑪𝒅𝒅

𝝈𝝈𝑴𝑴𝑴𝑴𝑴𝑴
• A ratio

– 𝑴𝑴 = 𝝈𝝈𝟒𝟒
𝝈𝝈𝑴𝑴

= 𝟏𝟏−𝑪𝑪
𝟏𝟏+𝑪𝑪

Richard Gedney “Stress-Life Fatigue Testing Basics” IndustrialHeating.com Nov 2018
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Some Fatigue Analysis
• Goodman Relationship
• 𝝈𝝈𝟒𝟒

𝝈𝝈𝒆𝒆
+ 𝝈𝝈𝑴𝑴

𝝈𝝈𝑼𝑼𝑪𝑪𝑼𝑼
= 𝟏𝟏

• Gerber Relationship
• 𝝈𝝈𝟒𝟒

𝝈𝝈𝒆𝒆
+ ( 𝝈𝝈𝑴𝑴

𝝈𝝈𝑼𝑼𝑪𝑪𝑼𝑼
)𝟐𝟐 = 𝟏𝟏

• Morrow Relationship
• 𝝈𝝈𝟒𝟒

𝝈𝝈𝒆𝒆
+ 𝝈𝝈𝑴𝑴

𝝈𝝈𝒇𝒇
= 𝟏𝟏

• Soderberg Relationship
• 𝝈𝝈𝟒𝟒

𝝈𝝈𝒆𝒆
+ 𝝈𝝈𝑴𝑴

𝝈𝝈𝒀𝒀
= 𝟏𝟏

55

• 𝝈𝝈𝑴𝑴 = 𝝈𝝈𝑴𝑴𝑴𝑴𝑴𝑴 + 𝝈𝝈𝑴𝑴𝑪𝑪𝒅𝒅
𝟐𝟐

• 𝝈𝝈𝑴𝑴 = 𝝈𝝈𝑴𝑴𝑴𝑴𝑴𝑴 − 𝝈𝝈𝑴𝑴𝑪𝑪𝒅𝒅
𝟐𝟐
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Fatigue Limit Knockdowns (Reductions)

• Endurance limit from chart: 𝝈𝝈′𝒆𝒆
• Real endurance limit for design

– 𝝈𝝈𝒆𝒆 =  𝝈𝝈′𝒆𝒆𝑪𝑪𝑼𝑼𝑪𝑪𝑭𝑭𝑪𝑪𝒁𝒁
• 𝝈𝝈′𝒆𝒆 = unnotched fatigue limit
• CS = size factor (table)
• CF = surface finish factor (table)
• CZ = scatter factor (typically 0.81)
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Accumulated Damage – Miner’s Rule
• Palmgren-Miner Rule

– 𝒏𝒏𝟏𝟏
𝒅𝒅𝟏𝟏

+ 𝒏𝒏𝟐𝟐
𝒅𝒅𝟐𝟐

+ 𝒏𝒏𝟑𝟑
𝒅𝒅𝟑𝟑

+ ⋯+ 𝒏𝒏𝒌𝒌
𝒅𝒅𝒌𝒌

= 𝟏𝟏

• If ∑ 𝑛𝑛𝑗𝑗
𝑁𝑁𝑗𝑗
≥ 1, then part fails
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Fatigue Analysis - Assumptions
• Quick Assumptions

– Endurance Limit and Hardness
• For Hardness < 400 HB: 

–  σE ≈ 0.25 X (Brinell Hardness) [in ksi]
• For Hardness > 400 HB:

–  σE ≈ 100 ksi 
– Endurance Limit and σUTS

• For σUTS < 200 ksi
–  σE ≈ 0.5 X (σUTS) [in ksi]

• For σUTS > 200 ksi
–  σE ≈ 100ksi

58
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Fatigue Problem #1
• A plain sided specimen 

is subjected to 1x107 
cycles, at an applied 
stress range of 200 MPa. 
Estimate how many 
further cycles can be 
applied at a stress range 
of 500 MPa before failure 
is predicted to occur. 

Applied Stress 
Range (MPa)

Cycles to 
Failure

600 1x104

500 2x104

400 5x104

300 3x105

250 3x106

200 8x107
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Fatigue Problem #1

• 𝒏𝒏𝟏𝟏
𝒅𝒅𝟏𝟏

+ 𝒏𝒏𝟐𝟐
𝒅𝒅𝟐𝟐

+ 𝒏𝒏𝒌𝒌
𝒅𝒅𝒌𝒌

= 𝟏𝟏

• 𝟏𝟏∗𝟏𝟏𝟏𝟏𝟕𝟕

𝟖𝟖∗𝟏𝟏𝟏𝟏𝟕𝟕
+ 𝒏𝒏𝟐𝟐

𝟐𝟐∗𝟏𝟏𝟏𝟏𝟒𝟒
= 𝟏𝟏

• 𝟏𝟏
𝟖𝟖

+ 𝒏𝒏𝟐𝟐
𝟐𝟐∗𝟏𝟏𝟏𝟏𝟒𝟒

= 𝟏𝟏

• 𝒏𝒏𝟐𝟐
𝟐𝟐∗𝟏𝟏𝟏𝟏𝟒𝟒

= 𝟕𝟕
𝟖𝟖

• 𝒏𝒏𝟐𝟐 = 𝟏𝟏.𝟕𝟕𝟕𝟕 ∗ 𝟏𝟏𝟏𝟏𝟒𝟒 𝑰𝑰𝒄𝒄𝑰𝑰𝒄𝒄𝒆𝒆𝒄𝒄

Applied Stress 
Range (MPa)

Cycles to 
Failure

600 1x104

500 2x104

400 5x104

300 3x105

250 3x106

200 8x107
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Fatigue Problem #2

• A company is using an unnotched steel bar in a high cycle 
fatigue environment. The company has the Goodman 
diagram for the material. With a maximum stress of 100 ksi 
in complete reverse bending, at what interval should the bar 
be inspected, assuming inspection at no more than half the 
expected fatigue life? 
• A) 10000 cycles
• B) 50000 cycles
• C) 100000 cycles
• D) 1500 cycles
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Fatigue Problem #2

MIL-HDBK-5D, Military Standardization Handbook, Metallic Materials and Elements for Aerospace Vehicle Structures, 1983, p 5–87
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Region 2 Fatigue

• Paris-Erdoğan Law
• Steady State (Stage II) 

Fatigue
• 𝒅𝒅𝟒𝟒
𝒅𝒅𝒅𝒅

= 𝑴𝑴(∆𝑲𝑲)𝒑𝒑

𝟏𝟏−𝑪𝑪 𝑲𝑲𝑪𝑪𝑰𝑰−∆𝑲𝑲
• p = 3 for steel, 3-4 Al
• A = constant
• R = R-ratio

• 𝒅𝒅𝒇𝒇 = 𝟒𝟒𝒇𝒇
−𝒑𝒑𝟐𝟐+𝟏𝟏−𝟒𝟒𝒊𝒊

−𝒑𝒑𝟐𝟐+𝟏𝟏

−𝒑𝒑𝟐𝟐+𝟏𝟏 𝑴𝑴𝝈𝝈𝒑𝒑𝝅𝝅𝒑𝒑/𝟐𝟐𝒀𝒀𝒑𝒑

R.O. Ritchie, Metals Science, (1977) pp. 368-391
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Fatigue Problem #3
• A 7075-T651 plate with a 2 in thickness was 

inspected with UT and found to have no cracks, 
but the detection limit is 0.01 mm. The plate had 
been subjected to alternating tensile stresses 
of 25 MPa and 125 MPa for 350000 cycles. The 
plate is to be subjected to alternating tensile 
and compressive stresses of 250 MPa. How 
many of the additional cycles can be sustained 
before failure?

• Assume n = 3.1, and A = 1.8x10-10. 
– A) 3500 cycles
– B) 19500 cycles
– C) 310 cycles
– D) 46000 cycles
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p. 12
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Fatigue Problem #3

• What do we know?
• 25 MPa <> 125 MPa, 350000 cycles

• a0 = 0.01 mm, af = ??
• -250 MPa <> 250 MPa, Nf = ??

• af = ??, ac = ??
• KIC = 29 MPa*m1/2

• n (or p) = 3.1, and A = 1.8x10-10 , Y = 1.12
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• 𝒅𝒅𝒇𝒇 =
𝟒𝟒𝒇𝒇

−𝒑𝒑𝟐𝟐+𝟏𝟏−𝟒𝟒𝒊𝒊
−𝒑𝒑𝟐𝟐+𝟏𝟏

−𝒑𝒑𝟐𝟐+𝟏𝟏 𝑴𝑴𝝈𝝈𝒑𝒑𝝅𝝅𝒑𝒑/𝟐𝟐𝒀𝒀𝒑𝒑

• 𝟑𝟑𝟕𝟕𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 =
𝟒𝟒𝒇𝒇

−𝟑𝟑.𝟏𝟏
𝟐𝟐 +𝟏𝟏−(𝟏𝟏∗𝟏𝟏𝟏𝟏−𝟕𝟕 𝒎𝒎)𝒊𝒊

−𝟑𝟑.𝟏𝟏
𝟐𝟐 +𝟏𝟏

−𝟑𝟑.𝟏𝟏
𝟐𝟐 +𝟏𝟏 ∗𝟏𝟏.𝟖𝟖∗𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏(𝟏𝟏𝟐𝟐𝟕𝟕−𝟐𝟐𝟕𝟕 𝑴𝑴𝑴𝑴𝟒𝟒)𝟑𝟑.𝟏𝟏𝝅𝝅

𝟑𝟑.𝟏𝟏
𝟐𝟐 (𝟏𝟏.𝟏𝟏𝟐𝟐𝟑𝟑.𝟏𝟏)

•  = 𝟒𝟒𝒇𝒇−𝟏𝟏.𝟕𝟕𝟕𝟕−(𝟏𝟏.𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏)−𝟏𝟏.𝟕𝟕𝟕𝟕

−𝟏𝟏.𝟕𝟕𝟕𝟕 ∗𝟏𝟏.𝟖𝟖∗𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏(𝟏𝟏𝟏𝟏𝟏𝟏)𝟑𝟑.𝟏𝟏𝝅𝝅𝟏𝟏.𝟕𝟕𝟕𝟕(𝟏𝟏.𝟏𝟏𝟐𝟐𝟑𝟑.𝟏𝟏)
=

𝟒𝟒𝒇𝒇
−𝟏𝟏.𝟕𝟕𝟕𝟕−𝟕𝟕𝟓𝟓𝟐𝟐.𝟑𝟑𝟒𝟒𝟏𝟏

−𝟏𝟏.𝟑𝟑𝟏𝟏𝟕𝟕∗𝟏𝟏𝟏𝟏−𝟑𝟑

• 𝟒𝟒𝒇𝒇−𝟏𝟏.𝟕𝟕𝟕𝟕 − 𝟕𝟕𝟓𝟓𝟐𝟐.𝟑𝟑𝟒𝟒𝟏𝟏 = −𝟒𝟒𝟓𝟓𝟏𝟏.𝟐𝟐𝟕𝟕 

• 𝟒𝟒𝒇𝒇−𝟏𝟏.𝟕𝟕𝟕𝟕 = 𝟏𝟏𝟏𝟏𝟐𝟐.𝟏𝟏𝟎𝟎𝟏𝟏

• 𝟒𝟒𝒇𝒇 = 𝟐𝟐.𝟐𝟐𝟐𝟐𝟒𝟒𝟖𝟖𝟑𝟑 ∗ 𝟏𝟏𝟏𝟏−𝟒𝟒 𝒎𝒎
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• 𝑲𝑲𝑪𝑪𝑰𝑰 = 𝒀𝒀 ∗ 𝝈𝝈 𝝅𝝅 ∗ 𝟒𝟒𝑰𝑰
• 𝑲𝑲𝑪𝑪𝑰𝑰 = 𝟐𝟐𝟎𝟎 = 𝟏𝟏.𝟏𝟏𝟐𝟐 ∗ 𝟐𝟐𝟕𝟕𝟏𝟏 𝝅𝝅 ∗ 𝟒𝟒𝑰𝑰

• 𝟏𝟏.𝟕𝟕𝟕𝟕𝟐𝟐𝟒𝟒𝟕𝟕 ∗ 𝟒𝟒𝑰𝑰𝟏𝟏.𝟕𝟕 = 𝟐𝟐𝟎𝟎 𝑴𝑴𝑴𝑴𝟒𝟒∗𝒎𝒎𝟏𝟏.𝟕𝟕

𝟏𝟏.𝟏𝟏𝟐𝟐∗𝟐𝟐𝟕𝟕𝟏𝟏 𝑴𝑴𝑴𝑴𝟒𝟒
=

𝟏𝟏.𝟏𝟏𝟏𝟏𝟑𝟑𝟕𝟕𝟕𝟕
• 𝟒𝟒𝑰𝑰𝟏𝟏.𝟕𝟕 = 𝟏𝟏.𝟏𝟏𝟕𝟕𝟖𝟖𝟒𝟒𝟑𝟑𝟑𝟑𝟐𝟐𝟒𝟒
• 𝟒𝟒𝑰𝑰 = 𝟑𝟑.𝟒𝟒𝟏𝟏𝟒𝟒𝟒𝟒𝟒𝟒 ∗ 𝟏𝟏𝟏𝟏−𝟑𝟑 𝒎𝒎

– This is the crack length where we will 
break
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• 𝒅𝒅𝑰𝑰 = 𝒅𝒅𝒇𝒇 = 𝟒𝟒𝒇𝒇
−𝒑𝒑𝟐𝟐+𝟏𝟏−𝟒𝟒𝒊𝒊

−𝒑𝒑𝟐𝟐+𝟏𝟏

−𝒑𝒑𝟐𝟐+𝟏𝟏 𝑴𝑴𝝈𝝈𝒑𝒑𝝅𝝅𝒑𝒑/𝟐𝟐𝒀𝒀𝒑𝒑

• 𝒅𝒅𝑰𝑰 = (𝟑𝟑.𝟒𝟒𝟏𝟏𝟒𝟒𝟒𝟒𝟒𝟒∗𝟏𝟏𝟏𝟏−𝟑𝟑)−
𝟑𝟑.𝟏𝟏
𝟐𝟐 +𝟏𝟏−(𝟐𝟐.𝟐𝟐𝟒𝟒𝟖𝟖𝟑𝟑∗𝟏𝟏𝟏𝟏−𝟒𝟒 𝒎𝒎)𝒊𝒊

−𝟑𝟑.𝟏𝟏
𝟐𝟐 +𝟏𝟏

−𝟑𝟑.𝟏𝟏
𝟐𝟐 +𝟏𝟏 ∗𝟏𝟏.𝟖𝟖∗𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏(𝟐𝟐𝟕𝟕𝟏𝟏 𝑴𝑴𝑴𝑴𝟒𝟒)𝟑𝟑.𝟏𝟏𝝅𝝅

𝟑𝟑.𝟏𝟏
𝟐𝟐 (𝟏𝟏.𝟏𝟏𝟐𝟐𝟑𝟑.𝟏𝟏)

• 𝒅𝒅𝑰𝑰 = 𝟐𝟐𝟐𝟐.𝟕𝟕𝟑𝟑𝟑𝟑𝟎𝟎𝟐𝟐 − 𝟏𝟏𝟏𝟏𝟏𝟏.𝟕𝟕𝟏𝟏𝟑𝟑
−𝟏𝟏.𝟕𝟕𝟕𝟕 ∗𝟏𝟏.𝟖𝟖∗𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏(𝟐𝟐𝟕𝟕𝟏𝟏)𝟑𝟑.𝟏𝟏𝝅𝝅𝟏𝟏.𝟕𝟕𝟕𝟕(𝟏𝟏.𝟏𝟏𝟐𝟐𝟑𝟑.𝟏𝟏)

= 

• 𝒅𝒅𝑰𝑰 = −𝟕𝟕𝟖𝟖.𝟕𝟕𝟓𝟓𝟎𝟎
−𝟐𝟐.𝟐𝟐𝟕𝟕𝟏𝟏∗𝟏𝟏𝟏𝟏−𝟐𝟐

• 𝒅𝒅𝑰𝑰 = 𝟑𝟑𝟒𝟒𝟎𝟎𝟎𝟎.𝟏𝟏𝟑𝟑 𝑰𝑰𝒄𝒄𝑰𝑰𝒄𝒄𝒆𝒆𝒄𝒄
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Stress Corrosion Cracking
• Synergistic effect of 

local corrosion of 
material under stress

• Visually similar to 
fatigue
– Microscopically very 

different
• Difficult to predict and 

detect
• Certain materials are 

susceptible in certain 
environments
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Stress Corrosion Cracking

• Susceptible 
Material

• Corrosive 
Environment

• Applied stress
Alloy KIc (MN/m3/2) SCC 

environment KISCC (MN/m3/2)

13Cr steel 60 3% NaCl 12

18Cr-8Ni 200 42% MgCl2 10

Cu-30Zn 200 NH4OH, pH7 1

Al-3Mg-7Zn 25 Aqueous 
halides 5

Ti-6Al-1V 60 0.6M KCl 20

D.H. Herring “Hydrogen Embrittlement”, Wire Forming Technology, Fall 2010
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Materials Susceptible to SCC
Chemical Species Alloys Temperature of Attack
Chlorides: Cl(aq) • Austenitic stainless steel

• High strength steels
• High strength aluminums

• Above room T
• Room T
• Room T

Fluorides: F(aq) • Sensitized austenitic 
stainless steels

Room T

Fused Chloride Salt • Titanium alloys
• Zirconium alloys

• Above salt TM
• Above salt TM

Hydroxides: OH- • Carbon steel 100°C
Aqueous nitrates • Carbon steel 100°C
H2S(g) • HSLA steels Room T
N2O4(l) • Titanium alloys 50°C
Ammonia: HN3(g), 
NH4

+
(aq)

• Copper alloys Room T

Wet nitrogen oxides • Copper alloys Room T
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Stress Corrosion Cracking
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• Environmental Decohesive 
Rupture
– Hydrogen embrittlement
– Heat treating embrittlement
– Selective corrosion
– Bulk corrosion

• Thermal Decohesive Rupture
– Creep

• Mixed Source Failure
– Corrosion Fatigue
– Thermomechanical Fatigue

Other Failure Modes

V. Kerlins and A. Phillips, Modes of Fracture, Fractography, 
Vol. 12, ASM Handbook, ASM International, 1987
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Hydrogen Embrittlement
• Exposure to H or H-

generating 
environments lowers 
material KIC

• Mechanism (debated)
– Porosity from H2 

bubbles
– Hydride formation
– H reaction with alloying 

elements
– GB pinning
– Interaction with screw 

dislocation core
• Fracture surface is 

intergranular

V. Kerlins and A. Phillips, Modes of Fracture, Fractography, 
Vol. 12, ASM Handbook, ASM International, 1987
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Hydrogen embrittlement
• Processes 

introducing H
– Electroplating
– Pickling
– Arc welding in 

moisture
– Galvanic corrosion

• Susceptible 
materials
– High strength steels 

(> 30 HRC or 145 
ksi/1000 MPa)

– PH Stainless steel

D.H. Herring “Hydrogen Embrittlement”, Wire Forming Technology, Fall 2010
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Hydrogen embrittlement reduction
• Avoid processes that 

produce H+/H2
• Use substrates/catalysts
• Baking (Bake out)

– Hold metal at elevated 
temperature 

– Must be done before material 
cracks (within 24 hrs.)

• Welding
– Pre/post-weld HT
– Low H electrodes

• Don’t use wet electrodes!
• Use low-impurity alloys
• Reduce residual stress
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Embrittlements - Steels
• Blue Brittleness

– Occurs in steels worked in 205-305°C (400-700°F).   
Killing with Al prevents this by tying up N. A rapid 
form of strain age embrittlement.

• Strain age embrittlement
– Occurs in low-C steels when deformed 15% and 

aged slowly (<200°C). Creates Lüders bans.  Kill 
steel or barely deform (1%) to prevent.

• Quench-age Embrittlement
– Occurs in 0.04-0.12% C steels; quench rapidly from 

below Ac1 and let sit.  
– Caused by C atmospheres around dislocations
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Embrittlement - Steels
• Tempered Martensite Embrittlement

– (350°C/500°F Embrittlement)
– Alloyed and mid-C steels
– Occurs when tempering high-strength alloy steels to 205-

370°C (400-700°F).
– Caused by cementite precipitation on prior austenite grain 

boundaries and segregation of impurities on prior GB.  
• Temper Embrittlement

– Tempering of low alloy steels
– Occurs when cooling too slow through 300-600°C (570-

1110°F).
– Caused by segregation of Sb, P, Sn, As impurities at GBs; 

shifts DBT upward.
– Reverse by re-tempering above critical T range, and cooling 

more rapidly.
• Quench Cracking

– Cracking during quenching in high hardness, low toughness 
steels

– AISI 4340 
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Embrittlement - Stainless
• Thermal Embrittlement

– Maraging Stainless Steels
– Precipitation of TiN/TiC on austenite GB during cooling in 430-

815°C (800-1500°F)
– Reduce time in range and C,N levels

• Sensitization 
– Austenitic and duplex stainless
– Between 425-815°C (800-1500°F), precipitate Cr23C6 at GB’s, 

pulling Cr out of solution and making GB’s anodic to the bulk
– Rapidly cool, add Ti/Nb to tie up C, use low-C alloys

• 475°C/885°F Embrittlement
– Ferritic Stainless
– Rapid homogeneous precipitation between 20-120 hrs
– Increases with C, Cr additions

• Sigma-phase Embrittlement
– All stainless steels, some superalloys
– Form FeCr (σ phase) below 500°F at long service times
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Creep and High Temp Failure
• Material flows at high 

temperature under 
stress
– Fastest at grain 

boundaries
• Most common in 

turbine components
– Blades
– Discs
– Also stationary parts

• A common 
consequence of 
compressor stalls
– Overtemperature 

exposure
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Influence of Temperature / 
Time on Fracture

• Atomics in solids aren’t 
stationary
– Constantly vibrating due 

to thermal effects
• Fracture affected by T 

and strain rate
– Higher temperature = 

greater vibrations
– Slower strain rate = more 

times for atoms to 
rearrange

• Ductile to Brittle 
Transition
– Occurs in steels, 

tungsten
– Does not occur in Al, Ni, 

Cu
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Creep Failures

Triple point cracking Cavitation

V. Kerlins and A. Phillips, Modes of Fracture, Fractography, Vol. 12, ASM Handbook, ASM International, 1987
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Creep Failures

Intergranular triple 
point wedge cracking

Grain boundary 
cavitation

K. Sadananda and P. Shahinian, Met. Sci. J., Vol 15, 1981, p 425–432
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Twinning
• A shear force that 

causes atomic 
displacement 
–  σtwin < σyield

• Atoms on one side of 
a plane mirror the 
atoms on the other 
side

• Occurs on defined 
planes and directions, 
dependent on slip 
system
– BCC twinning on 

(112)[111]
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Twinning
• Occur in metals with BCC 

and HCP structure
• FCC metals do not 

usually deform by 
mechanical twins
– Do have annealing twins

• Shock loading: occur at 
low T and high shear 
rates

• Slip restricted: conditions 
where there are few slip 
systems present

• Small gross deformation 
compared to slip

P.E. Danielson and R.C. Sutherlin, Metallography and Microstructures of 
Zirconium, Hafnium, and Their Alloys, Metallography and Microstructures, Vol 9, 
ASM Handbook, ASM International, 2004, p. 942–958
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Structural Failure Overview

FRACTURE OF A TENSION MEMBER:
• Initial fracture 

– Little or no bending deformation near fracture.  
– Only necking if fracture is ductile overstress

• Subsequent fractures 
– Substantial out-of-plane bending deformation
– Usually no compression buckling
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Fracture of a 
Tension 
Member

• Upper 
fracture bent 
upward

• Lower 
fracture in- 
plane and 
flat

Wing spar
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Lower Cap Fracture
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Structural Failure
BUCKLING OF A COMPRESSION MEMBER:
• Initial fracture 

– “S” shaped compression buckling deformation
• Subsequent fractures 

– Substantial out-of-plane bending deformation
– Usually no compression buckling.

• If present under bending loads, generally 
precedes tension fracture.
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Compression Buckling
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Compression Buckling
Upper spar cap

Horizontal 
flange
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BRANCHING INTERSECTING

Clues to Origin
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Cracking Sequence Example

Helicopter Windscreen
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Practice Questions
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Bonus Fatigue Problem – True σE

• Several bars of high strength 
steel are to be used as leaf-
springs. The springs will be 
subjected to a zero-to-
maximum (R=0) three-point 
flex loading. The bars are as-
machined and have a cross 
sectional area of 0.147 in2. 

• Determine the maximum 
surface stress that will allow 
the bars to have infinite life, 
using the Goodman 
relationship.

• Selected properties of 
bars
– Hardness = 48 HRC / 465 

HB
– Residual surface stress = 

0 ksi
– Surface roughness = 250 

µin



103

• Fatigue Limit Stress
– 𝝈𝝈𝜸𝜸 =  𝝈𝝈′𝜸𝜸𝑪𝑪𝑼𝑼𝑪𝑪𝑭𝑭𝑪𝑪𝒁𝒁

• 𝝈𝝈′𝜸𝜸 = unnotched fatigue limit
• CS = size factor (table)
• CF = surface finish factor 

(table)
• CZ = scatter factor (typically 

0.81)

• Quick Assumptions
– 0.5 Brinell Hardness ≈ σUTS (in 

ksi)
• As HT: (0.5)*(465) = 232.5 ksi = 

1603 MPa
– Endurance Limit and Hardness

• For σUTS > 200 ksi
–  𝝈𝝈′𝜸𝜸 ≈ 100 ksi

• For Hardness > 400 HB:
–  𝝈𝝈′𝜸𝜸 ≈ 100 ksi 
– 100 ksi = 689 MPa

• As Machined
– Hardness = 48 HRC / 465 HB
– Residual surface stress = 0 ksi
– Surface roughness = 250 µin

Bonus Fatigue Problem – True σE
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• Find diameter
– 𝑴𝑴 =  𝝅𝝅𝒓𝒓𝟐𝟐 = 𝝅𝝅(𝒅𝒅

𝟐𝟐
)𝟐𝟐=

𝟏𝟏.𝟏𝟏𝟒𝟒𝟕𝟕 𝒊𝒊𝒏𝒏𝟐𝟐

– 𝒅𝒅 = 𝟐𝟐 𝑴𝑴
𝝅𝝅

= 𝟐𝟐 𝟏𝟏.𝟏𝟏𝟒𝟒𝟕𝟕 𝒊𝒊𝒏𝒏𝟐𝟐

𝝅𝝅

– d = 0.4325 in
• Find size factor

– 𝑪𝑪𝑼𝑼 =  (𝟏𝟏.𝟒𝟒𝟑𝟑
𝟏𝟏.𝟑𝟑

)−𝟏𝟏.𝟏𝟏𝟏𝟏𝟕𝟕= 𝟏𝟏.𝟎𝟎𝟓𝟓𝟐𝟐

CS

Bonus Fatigue Problem – True σE
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• As HT
� σUTS = 232.5 ksi
– Surface roughness = 250 µin
– CF = 0.58

Bonus Fatigue Problem – True σE
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• Fatigue Limit Stress
– 𝝈𝝈𝜸𝜸 =  𝝈𝝈′𝜸𝜸𝑪𝑪𝑼𝑼𝑪𝑪𝑭𝑭𝑪𝑪𝒁𝒁
– 𝝈𝝈𝜸𝜸𝑴𝑴𝑴𝑴 =

𝟏𝟏𝟏𝟏𝟏𝟏 𝟏𝟏.𝟎𝟎𝟓𝟓𝟐𝟐 𝟏𝟏.𝟕𝟕𝟖𝟖 𝟏𝟏.𝟖𝟖𝟏𝟏
– 𝝈𝝈𝜸𝜸𝐴𝐴𝐴𝐴 = 𝟒𝟒𝟕𝟕.𝟏𝟏𝟎𝟎 ksi

• Goodman Relationship
– 𝝈𝝈𝑴𝑴

𝝈𝝈𝜸𝜸
+ 𝝈𝝈𝑴𝑴

𝝈𝝈𝑼𝑼𝑪𝑪𝑼𝑼
= 𝟏𝟏

– For R = 0, 𝝈𝝈𝑴𝑴 = 𝝈𝝈𝑴𝑴
– 𝝈𝝈𝑴𝑴

𝟒𝟒𝟕𝟕.𝟐𝟐
+ 𝝈𝝈𝑴𝑴

𝟐𝟐𝟑𝟑𝟐𝟐.𝟕𝟕
= 𝟏𝟏

– 𝝈𝝈𝑴𝑴 = 𝟑𝟑𝟕𝟕.𝟖𝟖𝟒𝟒 𝒌𝒌𝒄𝒄𝒊𝒊
– 𝝈𝝈𝑴𝑴𝑴𝑴𝑴𝑴 = 𝝈𝝈𝑴𝑴 + 𝝈𝝈𝑴𝑴 = 𝟐𝟐(𝝈𝝈𝑴𝑴)
– 𝝈𝝈𝑴𝑴𝑴𝑴𝑴𝑴 = 𝟕𝟕𝟕𝟕.𝟓𝟓𝟕𝟕 𝒌𝒌𝒄𝒄𝒊𝒊

• 𝝈𝝈𝑴𝑴 = 𝝈𝝈𝑴𝑴𝑴𝑴𝑴𝑴 + 𝝈𝝈𝑴𝑴𝑪𝑪𝒅𝒅
𝟐𝟐

• 𝝈𝝈𝑴𝑴 = 𝝈𝝈𝑴𝑴𝑴𝑴𝑴𝑴 − 𝝈𝝈𝑴𝑴𝑪𝑪𝒅𝒅
𝟐𝟐

Bonus Fatigue Problem – True σE
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