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Fracture
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Fracture: separation of a body into pieces due to stress. at
temperatures below the melting point.

Steps 1in fracture:
=  crack formation

= crack propagation

Depending on the ability of material to undergo plastic
deformation before the fracture two fracture modes can be

defined - ductile or brittle

= Ductile fracture - most metals (not too cold):
= Extensive plastic deformation ahead of crack
> Crack 1s ““stable’: resists further extension unless
applied stress 1s increased

=  Brittle fracture - ceramics. 1ce, cold metals:
= Relatively little plastic deformation
# Crack 1s “unstable™: propagates rapidly without
increase 1in applied stress

Ductile fracture is preferred in most applications
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Figure 8.1 (a) Highly ductile fracture in
which the specimen necks down to a point.
(b) Moderately ductile fracture after some
necking. (¢) Brittle fracture without any
plastic deformation.
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Figure 8.3 (a) Cup-and-cone fracture in aluminum. (b) Brittle fracture in a mild steel.
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Figure 8.8 (a) The geometry of surface and internal cracks. (b) Schematic stress profile
along the line X—X" in (a), demonstrating stress amplification at crack tip positions.
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Figure 8.10 The
three modes of
crack surface
displacement.

(a) Mode I, opening
or tensile mode;

(k) mode 11, sliding
mode; and (¢) mode
I1I, tearing mode.
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Fatigue
(Failure under fluctuating / cyclic stresses)

Under fluctuating / cyclic stresses. failure can occur at

loads considerably lower than tensile or vield strengths of
material under a static load: Fatigue

Estimated to causes 90% of all failures of metallic
structures (bridges. aircraft, machine components, etc.)

Fatigue failure 1s brittle-like (relatively litile plastic
deformation) - even in normally ductile materials. Thus
sudden and catastrophic!
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Applied stresses causing fatigue may be axial (tension or
compression). flextural (bending) or torsional (twisting).

Fatigue failure proceeds in three distinct stages: crack
initiation 1 the areas of stress concentration (near stress

raisers). incremental crack propagation. final catastrophic
failure.
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Cwyclic stresses are characterized by maximum. minimum ||Hss
and mean stress., the range of stress., the stress amplitude,

and the stress ratio

Mean stress: S — (0.

Range of stress: G (0. __

Stress amplitude: . ==

Stress ratio: R = o,
“max

Tension
}
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Remember the convention thart tensile stresses are positive,

("G?Hp?'E'E.S'i"TE sfresses are ?.*E?gﬂfh'ﬂ'
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Fatigue: S — N curves (I)
(stress — number of cycles to failure)

Fatigue properties of a material (S-N curves) are tested 1n
rotating-bending tests m fatigue testing apparatus:

Flexible coupling
—_—

Counter
( High-speed —
rmoatof B | S

Load Load

Result 1s commonly plotted as S (stress) vs. N (number of
cycles to failure)



Fatigue: S—N curves (II)

Faligue
limit

Stress amplitude, 8§

| | | | | |
10° 10° 10° 108 107 108 10° 1010

Cycles to failure, N
(logarithmic scale)

Fatigue limit (endurance limit) occurs for some materials
(e.g. some Fe and Ti alloys). In this case. the S—N curve
becomes horizontal at large N. The fatigue limit 1s a
maximum stress amplitude below which the material never
fails, no matter how large the number of cvcles is.
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Fatigue: S—N curves (III)
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10°

104 Fatigue life
at stress 54

Cycles 1o failure, N
tlogarithmic scale)

10° N, 108

10° 110

In most alloys. S decreases continuously with N. In this
cases the fatigue properties are described by

Fatigue strength:

specified number of cycles (e.g. 107)

stress at which fracture occurs after a

Fatigue life: Number of cycles to fail at a specified stress

level
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Fatigue: Crack initiation and propagation (I)
Three stages of fatigue failure:

1. crack initiation i the areas of stress concentration
(near stress raisers)

2. 1ncremental crack propagation

3. final rapid crack propagation after crack reaches
critical size



Fatigue: Crack initiation and propagation (II)

Crack i1nitiation at the sites of stress concentration

(microcracks. scratches. mndents. 1nterior corners.
dislocation slip steps. etc.). Quality of surface 1s
important.

Crack propagation

Stage ks initial slow T v
propagation along crystal |

planes with high resolved

shear stress. Imvolves just a D_/

few grains. and has flat \\— Stage ||
fracture surface ) ,

D g GO SR
Stage II: faster propagation %

perpendicular to the applied . \—\
stress. Crack grows by W > S
repetitive blunting and ~

sharpening process at crack |

tip. Rough fracture surface. l of

Crack eventually reaches critical dimension and
propagates very rapidly
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= NMagnitude of stress (mean. amplitude...)

=  Quality of the surface (scratches. sharp transitions).
Solutions:
» Polishing (removes machining flaws etc.)

» Introducing compressive stresses (compensate for
applied tensile stresses) imto thin surface layer by “Shot
Peening™- firing small shot into surface to be treated.
High-tech solution - ion implantation. laser peening.

» Case Hardening - create C- or INN- rich outer laver in
steels by atomic diffusion from the surface. Makes

harder outer layer and also introduces compressive
stresses

>~ Optimizing geometry - avoid internal corners. notches
etc.

Pt
surface

into Ffff,fér
ChOMmpression

shot peening

carburizing
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Creep testing: -
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Creep strain, ¢

~=——— Secondary ————

an

Instantaneous defaormation

Time, ¢ by

Instantaneous deformation, mainly elastic.

Primarv/transient creep. Slope of stramn wvs. time
decreases with time: work-hardening
Secondarv/steadyv-state creep. Rate of straining is
constant: balance of work-hardening and recovery.
Tertiarv. Rapidly accelerating stram rate up to failure:
formation of intermmal cracks, voids, grain boundary
separation, necking, etc.
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Creep Mechanisms of crvstalline matericals

-l Cross-slip

’,_,’-I Dislocation climb

.

Creep

— Vacancy diffusion

Grain boundary shding
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With increasing stress or temperature:

# The mstantaneous strain inereases

# The steady-state creep rate increases

» The time to rupture decreases

Creep strain
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