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Ductile Fracture 



Ductile Fracture 







  Instantaneous Progressive 

METHOD Ductile Overload Brittle Overload Fatigue 

VISUAL 1 TO 50× 

(FRACTURE 

SURFACE) 

NECKING OR DISTORTION IN 

DIRECTION 

CONSISTENT WITH APPLIED 

LOADS  

· DULL, FIBROUS FRACTURE 

· SHEAR LIPS 

LITTLE OR NO DISTORTION 

· FLAT FRACTURE 

· BRIGHT OR COARSE TEXTURE, 

CRYSTALLINE, GRAINY 

· RAYS OR CHEVRONS POINT TO ORIGIN 

FLAT PROGRESSIVE ZONE WITH BEACH MARKS 

· OVERLOAD ZONE  CONSISTENT WITH APPLIED 

LOADING DIRECTION  

· RATCHET MARKS WHERE ORIGINS JOIN  

SCANNING ELECTRON 

MICROSCOPY, 20 TO 

10,000× (FRACTURE 

SURFACE) 

MICROVOIDS (DIMPLES) 

ELONGATED IN DIRECTION OF 

LOADING  

· SINGLE CRACK WITH NO 

BRANCHING  

· SURFACE SLIP BAND 

EMERGENCE 

CLEAVAGE OR INTERGRANULAR 

FRACTURE 

· ORIGIN AREA MAY CONTAIN AN 

IMPERFECTION OR STRESS CONCENTRATOR 

PROGRESSIVE ZONE: WORN APPEARANCE, FLAT, 

MAY SHOW STRIATIONS AT MAGNIFICATIONS 

ABOVE 500× 

· OVERLOADZONE: MAY BE EITHER DUCTILE OR 

BRITTLE 

METALLOGRAPHIC 

INSPECTION, 50 TO 

1000× (CROSS SECTION) 

· GRAIN DISTORTION AND FLOW 

NEAR FRACTURE 

· IRREGULAR,TRANSGRANULAR 

FRACTURE 

· LITTLE DISTORTION EVIDENT 

INTERGRANULAR OR TRANSGRANULAR 

· MAY RELATE TO NOTCHES AT SURFACE OR 

BRITTLE PHASES INTERNALLY  

PROGRESSIVE ZONE: USUALLY TRANSGRANULAR 

WITH LITTLE APPARENT DISTORTION 

· OVERLOAD ZONE: MAY BE EITHER DUCTILE OR 

BRITTLE 

CONTRIBUTING 

FACTORS 

LOAD EXCEEDED THE STRENGTH 

OF THE PART 

· CHECK FOR PROPER ALLOY 

AND PROCESSING BY HARDNESS 

CHECK OR DESTRUCTIVE 

TESTING, CHEMICAL ANALYSIS 

· LOADING DIRECTION 

MAY SHOW FAILURE WAS 

SECONDARY 

· SHORT-TERM, HIGH 

TEMPERATURE, HIGH-STRESS 

RUPTURE HAS DUCTILE 

APPEARANCE 

EXCEEDED THE DYNAMIC STRENGTH OF THE 

PART 

· CHECK FOR PROPER ALLOY AND 

PROCESSING AS WELL AS PROPER 

TOUGHNESS, GRAIN SIZE 

· LOADING DIRECTION MAY SHOW 

FAILURE WAS SECONDARY OR IMPACT 

INDUCED  

· LOW TEMPERATURES 

EXCEEDED THE ENDURANCE LIMIT OF THE 

MATERIAL  

· CHECK FOR PROPER STRENGTH, SURFACE FINISH, 

ASSEMBLY,AND OPERATION  

· PRIOR DAMAGE BY MECHANICAL OR CORROSION 

MODES MAY HAVE INITIATED CRACKING 

· ALIGNMENT, VIBRATION, BALANCE 

· HIGH CYCLE, LOW STRESS,LARGE FATIGUE ZONE/ 

LOW CYCLE HIGH STRESS LOW FATIGUE ZONE 

  









Three Stages of Fatigue Failure 

• Crack Initiation 

• Crack Propagation 

– oscillating stress… crack grows, stops growing, 
grows, stops growing… with crack growth due to 
tensile stresses 

• Fracture 

– sudden, brittle-like failure 







Endurance Limit 

A stress level below which a material can be cycle 

infinitely without failure 

Many materials have an endurance limit: 

low-strength carbon and alloy steels, some stainless steels, irons, 

molybdenum alloys, titanium alloys, and some polymers 

Many other materials DO NOT have an endurance limit: 

aluminum, magnesium, copper, nickel alloys, some stainless steels, 

high-strength carbon and alloy steels 

eS 

for these, we use a FATIGUE STRENGTH defined for a certain 

number of cycles (5E8 is typical) 

fS 









CRACK INITIATION AND PROPAGATION 

• Process of fatigue failure: 
1. Crack initiation 
2. Crack propagation 
3. Final failure 
 

 Crack nucleation  scratches 
     sharp fillets 
     keyways 
     threads 
 
 Cyclic loading produce microscopic surface 

discontinuities               slips steps 



Fatigue Crack Nucleation at Slip Bands 

(a) Fatigue crack 
nucleation at slip bands. (b) SEM of 
extrusions and intrusions in a 
copper sheet. (Courtesy of 
M. Judelwicz and B. Ilschner.) 



Stages I, II, and III of fatigue crack propagation 



CRACK INITIATION AND PROPAGATION 

http://www.msm.cam.ac.uk/phase-trans/2006/SI/9.jpg 



Fatigue Fracture Surface 



CRACK INITIATION AND PROPAGATION 

• Fracture surface  beachmarks 
     striations 
 

 Indicates the position of the crack tip and appear as 
concentric ridges that expand away from the crack 
initiation sites. 

 

 Beachmarks    Macroscopic dimensions 
       Short cycles 
 
 Striations  Microscopic size 

   Single load cycle 
   to > stress range > striation width 



 

 

CRACK INITIATION AND 
PROPAGATION 

 

 

BEACHMARK RIDGES 

OF  A ROTATING STEEL SHAFT 

http://www.mme.tcd.ie/~tlgnphln/Images/Mechfig4c.jpg 



CRACK INITIATION AND 
PROPAGATION 

STRIATIONS RIDGES 

The total width of this SEM 
picture is only 12µm 
(0.012mm). This specimen was 
cycled with alternating blocks 
of 10 cycles at high stress 
followed by 10 cycles at low 
stress, creating groups of 
striations with two different 
spacings. 

www.mme.tcd.ie/~tlgnphln/Fatigue.html  

http://www.mme.tcd.ie/~tlgnphln/Fatigue.html


FATIGUE LIFE 
Factors   Mean stress level 

    Geometrical design 

    Surface effects 

    Metallurgical variables 

    Environment 
 

1. MEAN STRESS:          S – N plot 

             to > mean stress < fatigue life 

 

2. SURFACE EFFECTS        Maximum stress 

        Design criteria 

        Surface treatments 
 



IMPROVING FATIGUE LIFE 
Design factors 

 

 

 

 
 Surface treatments 

 - Scratchs and grooves  polishing 

 - Imposing residual compressive stresses        net effect 

      Remove stress 

      concentrators. 
bad

bad

better

better

C-rich gas
put 

surface 
into 

compression

shot

--Method 1: shot peening --Method 2:  carburizing 



FATIGUE LIFE 
 

3. ENVIROMENTAL EFFECTS               Thermal fatigue  

               Corrosion fatigue 

 

 Thermal fatigue : T° 

    σ = α1 E ΔT  

 * solution =       T °  or choose appropriate material 

 

 Corrosion fatigue : Cyclic stress + chemical attack 

        Small pits 

* solution: Apply protective surface coatings   



Three Theories 

Stress-Life 
stress-based, for high-cycle fatigue, aims to 

prevent crack initiation 

Strain-Life 
useful when yielding begins (i.e., during 

crack initiation), for low-cycle fatigue 

LEFM (Fracture 

Mechanics) 
best model of crack propagation, for low-

cycle fatigue 



Low vs. High Cycle 

>103 cycles, high cycle fatigue 

<103 cycles, low cycle fatigue 

car crank shaft – 

manufacturing equipment @ 100 rpm – 

ships, planes, vehicle chassis 

~2.5 E8 Rev/105 miles 

1.25 E8 Rev/year 



Types of Fatigue Loading 
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Fully Reversed Repeated Fluctuating 



(a) Effect of mean stress on fatigue life. (b) Gerber, 
Goodman, and Soderberg diagrams, showing mean stress 
effect on fatigue life. 

Effect of Mean Stress on Fatigue Life 



Testing Fatigue Properties 

• Rotating Beam – most data is from this type 

• Axial 

– lower or higher?  Why? 

• Cantilever 

• Torsion 



Fully Reversed Empirical Data 

Wrought Steel 

An S-N Curve 



Fully Reversed Empirical Data 

Aluminum 









N1 cycles are spent at stress amplitude Δσ1 a fraction N1/Nf,1 
of the available life is used up, where Nf,1 is the number of cycles to failure 
at that stress amplitude.  
Miner’s rule assumes that damage accumulates in this way at each level of 
stress. Then failure will occur when the sum of the damage  fractions reaches 
1—that is, when 

MINER’S RULE 



Shot Peening 

Compressed Material

Multiple Shots



Shot Peening Benefits 
 

Enhances fatigue strength (Figure 4) 

Improves ultimate strength (Figure 5) 

Prevents cracking due to wear 

Prevents hydrogen embrittlement 

Prevents corrosion 

Prevents galling 

Prevents fretting 

Can increase gear life more than 500% 

Can increase drive pinion life up to 400% 

Can increase spring life 400% to 1200% 

Can increase crankshaft life 100% to 1000% (Figure 6) 

Can permit the use of very hard steels by reducing brittleness 

Possible to increase the fatigue strength of damaged parts extending the wear 

Increases lubricity by creating small pores in which lubricants can accumulate 

Substitution of lighter materials can be possible without sacrificing strength and durability 

Leaves a uniformly textured, finished surface ready for immediate use or paint and coatings 

Can be used to curve metal or straighten shafts without creating tensile stress in a Peen forming 

process 

Shot Peening can be used in a number of specialized processes such as flow treatment of pipes 

used to transport polymer pellets used in oil and gas industries.  Polymer pellets will slide against 

the inside of a smooth pipeline, melt and form streamers or angel hair.  These long polymer fibers 

will contaminate the pellet flow and clog up the transfer system.  When the inside of the pipeline 

is roughened by shot peening, the polymer pellets bounce or roll instead of sliding along the 

inside of the pipe.  The pellets contact with the side of the pipe is shortened, and formation of 

angel hair is prevented. 

Optimal fatigue properties for machined steel components are obtained at approximately 700 

MPa, any higher and the materials lose fatigue strength due to increased notch sensitivity and 

brittleness.  When compressive stresses from shot peening are added fatigue strength increases 

proportionately to increased strength. 



Conventional (Mechanical) Shot Peening – Conventional shot peening is done 

by  two methods.  Method one involves accelerating shot material with compressed air.  

Shot is introduced into a high velocity air stream that accelerates the shot to speeds of up 

to 250 ft/s.  The second method involves accelerating the shot with a wheel.  The shot 

gets dropped onto the middle of the wheel and accelerates to the outer edge where it 

leaves on a tangential path. 

Dual Peening – Dual peening further enhances the fatigue performance from a single 

shot peen operation by re-peening the same surface a second time with smaller shot and 

lower intensity.  Large shot leaves small peaks and valleys in the material surface even 

after 100% coverage has been achieved.  Peening the surface a second time drives the 

peaks into the valleys, further increasing the compressive stress at the surface. 

Strain Peening – Where dual peening increases the compressive stress on the outer 

surface of the compressive layer, strain peening develops a greater amount of compressive 

stress throughout the entire compressive layer.  This additional stress is generated by 

preloading the part within its elastic limit prior to shot peening..  When the peening media 

impacts the surface, the surface layer is yielded further in tension because of the 

preloading.  The additional yielding results in additional compressive stress when the 

metal’s surface attempts to restore itself. 

Laser-shot Peening – Laser-shot peening utilizes shock waves to induce residual 

compressive stress.  The primary benefit of the process is a very deep compressive layer 

with minimal cold working.  Layer depths up to 0.40” on carburized steel and 0.100” on 

aluminum alloys have been achieved.  Mechanical peening methods can only produce 

35% of these depths.  Figure 4 shows the increase in fatigue life that laser-shot peening 

can create. 

Methods of Shot Peening 



Media 

     Media control involves using high quality shot that is mostly round and of uniform size 

and shape.  The diameter of the shot should be the same through out the media.  If the 

shot diameter is not uniform, each individual shot will have a significantly different mass.  

This exposes the material surface to varying impact energies that create non uniformities.  

These non uniform layers will create inconsistent fatigue results. 

Intensity 

     Intensity control involves changing the media size and shot velocity to control the 

energy of the shot stream.  Using larger media or increasing the velocity of the shot stream 

will increase the intensity of the shot peening process.  To determine what intensity has 

been achieved, Almen strips are mounted to Almen blocks and the shot peening process is 

performed on a scrap part.  An Almen strip is a strip of SAE 1070 spring steel that, when 

peened on one side, it will deform into an arc towards the peened side due to the induced 

compressive stresses from the shot peening process.  By measuring the height of the arc, 

the intensity can be reliably calculated.  This process is done before the actual peening 

process on production parts to verify the peening process is correct. 

     The Almen strips also control how long the material is exposed to the shot peening 

process.  The time to expose a material is determined from the saturation point on a 

saturation curve.  The saturation curve is a plot of Almen strip arc height vs Time.  The 

saturation point is defined as the point on the curve where doubling the exposure time 

produces no more than a 10% increase in arc height. 

Coverage 

     Coverage is the measure of original surface area that has been obliterated by shot 

dimples.  Coverage is crucial to high quality shot peening and should never be less than 

100%.  A surface that does not have 100% coverage is likely to develop fatigue cracks in 

the un-peened surface areas.  








