Chapter 8: Mechanical Failure

Topics...

 How do loading rate, loading history, and temperature
affect the failure stress?

Ship-cyclic loading
from waves.
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Failure
» Classification:

Fracture Very Moderately

behavior: Ductile Ductile

Adapted from Fig. 8.1, \/ ||||||||

%AR or %EL Large  Moderate

* Ductile Ductile:
fracture is usually warning before
desirable! fracture

Brittle

l

Small

Brittle:
No
warning
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Several K’s Beware!

Stress Concentration factor: 0
1/2 f

a
o =20,—| =Ko, @
Pt -
K, . 9max unitless

= 5

° |

Stress Intensity factor:

/K ZKc\

Stress Intensity Factor:
--Depends on load &
geometry.

Fracture Toughness:

--Depends on the material,
temperature, environment, &
rate of loading.

K 2 KC - YO"\/ ma MPa m1/2 Chapter 8 - 3



When Does a Crack Propagate?

Crack propagates if above critical stress

i.e., 0>0, 5 - 2Ey,\""
’ na

where
— E = modulus of elasticity
— v, = specific surface energy
— a = one half length of internal crack

For ductile => replace y, by vy, + v,
where v, is plastic deformation energy

Chapter8- 4



Design Against Crack Growth

« Crack growth condition:
K 2 KC — YO'\/ a

« Largest, most stressed cracks grow first!

--Result 1: Max. flaw size --Result 2: Design stress
dictates design stress. dictates max. flaw size.
2
G < KC a 1 KC
design <=
7 Y./ ma o YOdesign
AO Aamax
fracture fracture
no no
fracture am% fracture

O
Y
Chapter8- 5



Impact Testing

* Impact loading:
-- severe testing case
-- makes material more brittle
-- decreases toughness Scale

Adapted from Fig. 8.12(b),
Callister 7e. (Fig. 8.12(b) is
adapted from H.W. Hayden, Pointer
W.G. Moffatt, and J. Wulff, The
Structure and Properties of
Materials, Vol. |ll, Mechanical
Behavior, John Wiley and Sons,
Inc. (1965) p. 13.)

initial height
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Temperature

* Increasing temperature...
--increases %EL and K¢

* Ductile-to-Brittle Transition Temperature (DBTT)...

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

BCC metals (e.g., iron at T < 914°C)
polymers

Brittle <€—f—> More Ductile

Impact Energy

High strength materials (o), > E/150)

Adapted from Fig. 8.15,

Callister 7e.
T Temperature

Ductile-to-brittle
transition temperature
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Design Strategy:
Stay Above The DBTT!

——y

* Pre-WWII: The Titanic  WWII: Liberty ships
” {

* Problem: Used a type of steel with a DBTT ~ Room temp.
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Loading Rate

* Increased loading rate... +* Why? An increased rate
-- increases oy and TS gives less time for
-- decreases %EL dislocations to move past
obstacles.
O
A TS ¢
O, — larger
£
IS smaller
O'y _—
)8
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Fatigue

 Fatigue = failure under cyclic stress.

specimen compression on top Adapted from Fig. 8.18
Callister 7e. (Fig. 8.18 is
_ ) motor | = from Materials Science in
bearing :II: counter Engineering, 4/E by Carl.

. A. Keyser, Pearson
flex coupling Education, Inc., Upper

tension on bottom Saddle River, NJ.)

 Stress varies with time. AO

—- key parameters are S, o, and 8]
frequency ] e A N >

» Key points: Fatigue...
--can cause part failure, even though omax < oc.
--causes ~ 90% of mechanical engineering failures.
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Fatigue Design Parameters

 Fatigue limit, Stat:
--no fatigue if S < St

Stat [

S = stress amplitude

l

10°

« Sometimes, the
fatigue limit is zero!

10°
N = Cycles to failure

S = stress amplitude

safe

10

unsafe

l

10°

l

10°

10°
N = Cycles to failure

107

10°

case for
steel (typ.)

Adapted from Fig.
8.19(a), Callister 7e.

case for
Al (typ.)

Adapted from Fig.
8.19(b), Callister 7e.
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Fatigue Mechanism

« Crack grows incrementally

«~ typ. 1106
9a _ kY

dN\\ ~(AoNa

Increase in crack length per loading cycle

crack origin

 Failed rotating shaft

--crack grows faster as
* Ao increases
 crack gets longer
 loading freq. increases.

Fig. 8.21, Callister 7e.
(Fig. 8.21 is from D.J.
Waulpi, Understanding
How Components Fail,
American Society for P e
Metals, Materials Park, ~_ - gl s,

OH, 1985) Direction of rotation
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Improving Fatigue Life

1. |mpose a Compressive S = stress amplitude

Adapted from
surface stress Fig. 8.24, Callister 7e.
(tO SUppress Surfa_Ce Increasing, *~nealr zero or compressive O
cracks from growing) Om ~moderate tensile oy,

~ Larger tensile oy
N = Cyclles to féilure
--Method 1h: shot peening --Method 2: Carburizing
0] ,
f put
surface —>» €
into
bmpression /
2. Remove stress (T bad (" |oetter
concentrators. 3 Adapted from
‘ Fig. 8.25, Callister 7e.
bad better
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Factors that affect fatigue life

Mean stress R B &'
Surface effects P SSFRE Carburized
— Design factors steel
— Surface treatments
— Case hardening
Core steel
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Environmental effects

Thermal fatigue: induced at elevated temperatures by
fluctuating thermal stresses.

o =a ,EAT

Corrosion fatigue: failure occurs by the simultaneous action
of a cyclic stress and chemical attack
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Creep

Sample deformation at a constant stress (o) vs. time

o

To,e A
>
0 t

v

Primary Creep: slope (creep rate)
decreases with time.

Secondary Creep: steady-state
l.e., constant slope.

Tertiary Creep: slope (creep rate)

Creep strain, e

Primary

=] A€

Rupture

Tertiary

-

-

3

i

Instantaneous deformation

~——— Secondary ——

Time, ¢

Adapted from
Fig. 8.28, Callister 7e.

increases with time, i.e. acceleration of rate. Chapter 8 - 16



 Qccurs at elevated

Creep

temperature, T>04 Ty

p strain

\

primary

C\fee

elastic

x

Increasing T

-
-
—---—

- -

“‘-—

Time

Adapted from Figs. 8.29,
Callister 7e.
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Secondary Creep

« Strain rate is constantata given T, o
-- strain hardening is balanced by recovery

/
. n Q. L
£, = K,o'exp| - activation energy for creep
strain rate - / '\ RT (material parameter)

material const. applied stress

stress exponent (material parameter)

—Stress (|\/| P a) | Adapted from

Fig. 8.31, Callister 7e.
427°C (Fig. 8.31 is from Metals
| Handbook: Properties
538 °C and Selection:
Stainless Steels, Tool
Materials, and Special
Purpose Metals, Vol. 3,

e Strain rate 200
increases 100
for higher T, o 40

201 649 oc9th ed., D. Benjamin
10} (Senior Ed.), American
' , Society for Metals,

|
1
1
1
l
1
1
‘ 1980, p. 131.)
1

10-2 101
8 0
Steady state creep rate € ¢ (%/1 OOOhV)ChapterS_ 18



Creep Failure

« Estimate rupture time
* Time to rupture, tr S-590 Iron, T = 800°C, o = 20 ksi
T(20 + |Ogt ) Adapted from

\ 100 Fig. 8.32, Callister 7e.
temperature / function of

(Fig. 8.32 is from F.R.
. Larson and J. Miller,

applled stress
time to failure (rupture)

20_~< Trans. ASME, 74, 765
) (1952).)

10 &
5

Larson Miller Parameter data for
S-590 Iron

_l I %1/\
12 16 20 24 28

L(103K-log hr)  24x103 K-log hr
T(20+logt, )=L

1({73K /

Ans: tr =233 hr
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SUMMARY

Engineering materials don't reach theoretical strength.

Flaws produce stress concentrations that cause
premature failure.

Sharp corners produce large stress concentrations
and premature failure.

Failure type depends on T and stress:

- for noncyclic o and T < 0.4 T, failure stress decreases with:

- increased maximum flaw size,
- decreased T,

- for cyclic o:
- cycles to fail decreases as Ao increases.
- for higher T (T > 0.4Tm):

- time to fail decreases as o or T increases.
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