
CHAPTER 8: 

MECHANICAL FAILURE 



ISSUES TO ADDRESS... 

 

Å  How do flaws in a material initiate failure? 

Å  How is fracture resistance quantified; how do different 

     material classes compare? 
Å  How do we estimate the stress to fracture? 

Å  How do loading rate, loading history, and temperature 

     affect the failure stress? 



Å  Plastic tensile strain at failure: 

Å  Another ductility measure: 100x
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Reminder: DUCTILITY   

Ductile, EL > 5% 

Brittle, EL < 5% 

Ductile materials 

sustains large amount 

of plastic deformation 

 upon fracture  



DUCTILE VS BRITTLE FAILURE 

Simple fracture is the separation of a body into two or more pieces 

in response to an imposed static stress at temperatures that are lower 

 than material melting point. 

Two limiting fracture modes are possible for engineering materials: 

ductile and brittle  

Highly ductile fracture: 

neck down to a point 

Absolute brittle fracture: 

without any plastic deformation 

 
Moderate  

ductile fracture 



Å Ductile failure: 
   --one piece 

   --large deformation 

Å Brittle failure: 
   --many pieces 

   --small deformation 

EX:  FAILURE OF A PIPE 



Å Evolution of cup-and-cone fracture to failure: 

necking void 

nucleation 
  

void growth 

and linkage  

shearing 

at surface  
fracture 

s 

MODERATELY DUCTILE FAILURE 

Cup-and cone fracture of Al 
Spherical (a) and parabolic (b) ñdimplesò characteristic for 

ductile fracture from uniaxial tensile and shear loadings  

a b 



BRITTLE FAILURE 

4 mm 

160mm 

Brittle fracture in a mild steel 

V-shaped ñchevronò markings 

Characteristic of brittle fracture 

Inter granular fracture (between grains) 

Intra granular  fracture (within grains) 
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perfect materials: no flaws 

carefully produced glass fiber 

ceramic 

strengthened metal 
polymer 

TS Eng. Mater.<< TS Perfect Mater   

Å DaVinci (500 yrs ago!) observed: 
   the longer the wire, the smaller the   

   load to fail it. 

IDEAL VS REAL MATERIALS 

Å Reasons: 

   - flaws cause premature failure. 

   - larger samples are more flawed! 

 



Å  Schematic of surface and internal cracks  Å  Stress distribution in front of a crack: 

Å  Stress concentration factor: 

Large Kt promotes failure: 

FLAWS ARE STRESS CONCENTRATORS! 

Characterized by: 

length (2a) 

curvature (rt) 
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- stress amplification! 

Plastic deformation (sm>sy) 

leads to more uniform  

stress distribution!! 



STRESS CONCENTRATORS: 

Macroscopic Level 

Å It is important to remember that stress amplification not 

only occurs on a microscopic level (e.g. small flaws or 

cracks,) but can also occur on  the macroscopic level in the 

case of sharp corners, holes, fillets, and notches.   

 

Å The figure depicts the theoretical stress concentration 

factor curves for several simple and common material 

geometries.  

 



Å  Energy to break a unit volume of material 

Å  Approximate by the area under the stress-strain curve. 

Å Units: [J/m2]  

Reminder: TOUGHNESS  
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For Elastic Strain 



Material Fast Fracture 
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where E ï module of elasticity 

gs ï toughness (J m-2, specific surface energy)  

Fixed displacements case 

(the boundary of the plate are fixed) 



1: FRACTURE TOUGHNESS 

Å Thus it is possible to show that critical stress for crack propagation is: 

Å Fracture toughness is a property that is a measure of a materialsô 

resistance for brittle fracture when cracks are present. This property can be 

defined by parameter Kc that relates the critical stress for crack propagation 

and geometry of the crack: 

aYK cc ps=

where Y ï a dimensionless parameter that  

depends on both crack and specimen sizes  

and geometries (is tabulated for different 

crack-specimen  geometries),  as well as  

type of load application  

K ic = [Pa ·m1/2]!!!  

cEa gps = Material properties 

 only!!!  
Stress intensity factor 



Å  Condition for crack propagation: 

Å  Values of K for some standard 

 loads & geometries: 

s

aa

  K=s pa   K=1.1s pa

K  Ó Kc Stress Intensity Factor: 

--Depends on load & 

   geometry. 

Fracture Toughness: 

--Depends on the material, 

   temperature, environment, & 

   rate of loading. 

GEOMETRY, LOAD, & MATERIAL 

Å When sample thickness>>crack dimensions 

plane-strain conditions occur, K c=K1c that 

independent of thickness 

aYK cc1 ps=

Plane strain fracture toughness 



Mechanisms of Crack Propagation: 

ductile tearing 

2/1
m )

r2

a
(sss +=

c

2
y

2

2
y

2

y

KK

2

K

2

a
r

=

==
pss

sThe plastic flow at the crack tip naturally 

turns the initially sharp crack into a blunt crack. 

Crack blunting decreases sm so that crack tip  

itself can keep on plastically deforming. 

Thus ductile tearing consumes a lot of energy  

by plastic flow. This is why ductile materials  

are so tough. 

 



Mechanisms of Crack Propagation: 

cleavage 

Blunting of the sharp crack does not occur/ 

The local stress at the crack tip is large enough  

to break apart the inter-atomic bonds!!  

The crack spreads between a pair of atomic  

planes leading to the formation of flat surfaces 

by cleavage.  
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IMPACT FRACTURE TESTING 

Charpy V-notch (CVN) technique 

represents the most severe relative to 

the potential for fracture conditions: 

(a) deformation at low temperature; 

(a) a  high strain rate  

(b) a tri-axial stress state introduced by 

a notch and is used to measure the 

impact energy or notch toughness  

notch 



Å  Increase of temperature leads to the in crease of shear fracture and Kc 

Å  Ductile-to-brittle transition temperature (DBTT) 

BCC metals    
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 Temperature    

High strength materials    

polymers         

More Ductile    Brittle    

Ductile-to-brittle  

transition temperature    

TEMPERATURE 

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

DBTT 

Example: A283 Steel 
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Based on data in Table B5, 

Callister 6e. 
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. 

FRACTURE TOUGHNESS 



2 :Fatigue Failure 

K=Kc is a critical condition under which crack propagates catastrophically by fast fracture ! 

 

BUT in some special cases cracks can form and slowly grow at even lower loads  

This cases are: (a) cycled stress ï process of slow cracks grow- fatigue 

 (b) chemically active environment surrounding the structure - corrosion  

If structure is subjected to repeated stress cycle than owing to fatigue  

it may fail at stresses well below sTS and even below sy   



Å Fatigue = failure under cyclic stress (bridges, aircraft etc). 

Å Stress varies with time. 

  - key parameters are S, smean, Ds 

Å Key points:   

- Fatigue can cause part failure, even though smax < sc, i.e. at lower strength than   

  for a static conditions;  

- Fatigue causes ~ 90% of mechanical engineering failures.  

FATIGUE  
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Fatigue-testing apparatus 

on rotating-bending test: 

main parameters S and  

number of cycles (N)  



Fatigue of Un-Cracked Component: 

high cycle fatigue  

Neither smax nor /smin/are above yield stress. 

Empirical formula: 

DsNa=C1 

 

Basquinôs law 


