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Introduct ion 

D e v e l o p m e n t i s a r e s u l t o f t e c h n o l o g i c a l 
a d v a n c e s . The i n t r o d u c t i o n o f new m a t e r ­
ials, h i g h e r o p e r a t i n g s p e e d s , h i g h e r 
temperatures, l i g h t e r w e i g h t , s m a l l e r 
v o l u m e , l o w e r c o s t and i m p r o v e d e c o -
l o g i c a l c o m p a t a b i l i t y , a l l demand b e t t e r 
e n g i n e e r i n g d e s i g n t e c h n i q u e s . T h e r e ­
f o r e i t i s b e c o m i n g i m p o r t a n t t o i d e n t i ­
f y t h e mode o f f a i l u r e o f c o m p o n e n t / 
s t r u c t u r e / m a c h i n e u n d e r t h e s p e c i f i c 
c o n d i t i o n s o f o p e r a t i o n ( l o a d i n g , e n ­
v i r o n m e n t e t c . ) 

The ' m o s t f r e q u e n t p r e m a t u r e f a i l u r e 
o f m e t a l c o m p o n e n t s i n t o d a y ' s e n g i n e e r ­
ing i n d u s t r y a r e a s s o c i a t e d w i t h b r i t t l e 
m o d e s . T h e s e a r e u s u a l l y a r e s u l t 
o f "dynamic" ( f l u c t u a t i n g ) l o a d s w h i c h 
c a u s e f a t i g u e f a i l u r e , and " c r i t i c a l " 
p r e - e x i s t i n g c r a c k - l i k e f l a w s i n m e t a l 
w h i c h p r o p a g a t e r a p i d l y u n d e r " s t a t i c ' ' 
l o a d s . 

The a i m o f t h i s p a p e r i s t o p r o v i d e 
t h e d e s i g n e n g i n e e r w i t h i n t r o d u c t o r y 
i n f o r m a t i o n on t h e m e c h a n i c a l p r o p e r t i e s 
o f m e t a l s a s s o c i a t e d w i t h common modes 
o f f a i l u r e . O t h e r i m p o r t a n t f a c t o r s 
t h a t p l a y a m a j o r r o l e i n e n g i n e e r i n g 
d e s i g n i n o r d e r t o a v o i d t h e o p e r a t i v e 
f a i l u r e mode a r e a l s o i n t r o d u c e d . 

Philosophy of Engineering Design 

E n g i n e e r i n g designs a r e u s u a l l y b a s e d 
on t h e c o n c e p t o f f a i l u r e . The d e s i g n 
c r i t e r i o n c a n be e i t h e r no f a i l u r e 
o r , f a i l u r e a f t e r a p r e d e t e r m i n e d p e r i o d 
o f u s e f u l o p e r a t i o n . I n t h e l a t t e r 
c a s e t h e c o n s e q u e n c e o f f a i l u r e i n 
t e r m s o f human l i f e / p r o p e r t y h a s t o 
be t a k e n i n t o c o n s i d e r a t i o n . I n an 
" i d e a l " o r " p e r f e c t " d e s i g n a l l c o m p o ­
n e n t s o f a s t r u c t u r e / m a c h i n e must f a i l 

e x a c t l y a t t h e d e s i g n l i f e . T h e r e a r e 
many r e a s o n s why s u c h a d e s i g n i s n o t 
p o s s i b l e and p e r h a p s n o t e v e n d e s i r a b l e , 
e v e n t h o u g h i t w o u l d be an a b s o l u t e 
"optimum" i n t h e c o n t e x t o f m a t e r i a l 
u t i l i z a t i o n . 

T h e r e f o r e , i t i s e s s e n t i a l t o e s t a b l i s h 
t h e " c r i t i c a l " c o m p o n e n t s o f a d e s i g n , 
and t h e d e s i r e d modes of t h e i r f a i l u r e . 
For e x a m p l e , t h e d e s i g n c r i t e r i o n f o r 
an a u t o m o b i l e c a n b e e i t h e r t h e f a i l u r e 
o f t h e e n g i n e due t o w e a r o r o f t h e 
b o d y / c h a s s i s due t o c o r r o s i o n , b u t n o t 
t h e f a i l u r e o f t h e s t e e r i n g co lumn due 
t o f a t i g u e . A n o t h e r e x a m p l e i s t h e r e -
r e q u i r e m e n t :of a d u c t i l e mode o f f a i l u r e 
i n r e i n f o r c e d c o n c r e t e s t r u c t u r a l d e s i g n 
g i v i n g s u f f i c i e n t w a r n i n g o f t h e i m p e n ­
d i n g f a i l u r e . 

O t h e r i m p o r t a n t f a c t o r s a r e : -

1. Economic w o r t h w h i l e n e s s ; t h e d e s i g n 
must b e c o m p e t i t i v e i n t h e m a r k e t 
p l a c e . 

2 . O p t i m i z a t i o n ; t h e d e s i g n must b e 
o p t i m a l f rom t h e a v a i l a b l e a l t e r ­
n a t i v e s . 

STRUCTURAL OR MECHANICAL FAILURE 

S t r u c t u r a l o r m e c h a n i c a l f a i l u r e may 
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b e d e f i n e d , a s a n y c h a n g e i n s i z e , s h a p e , 
m a t e r i a l p r o p e r t i e s o f a s t r u c t u r e , 
m a c h i n e o r m a c h i n e p a r t t h a t m a k e s i t 
i n c a p a b l e o f s a t i s f a c t o r i l y p e r f o r m i n g 
i t s i n t e n d e d f u n c t i o n . T h e r e f o r e s u c c e s s 
i n d e s i g n ^ q g c o m p e t i t i v e , p r o d u p t s ' cein 
b e a c h i e v e ^ o n l y by r e c o g n i s i n g a n d / 
e v a l u a t i n g a i l * p o t e n t i a l modes o f f a i l q r e 
t h a t : m i g h t g o v e r n t h e d e s i g n . I f p r e ­
m a t u r e f a i l u r e i s t o b e a v o i d e d t h e 
d e s i g n e r m u s t h a v e a g o o d w o r k i n g k n o w ­
l e d g e of a p a l y t i c a l a n d / o r . e m p i r i c a l 
t e c h n i q u e s of p r e d i c t i n g f a i l u r e . Whe^ 
t h e s e f a i l u r e s a r e a s s o c i a t e d w i t h m e t a l s , 
t h e . m e c h a n i c a l p r o p e r t i e s o f m e t a l s ' 
w i l l p l a y a n i m p o r t a n t r o l e i n e n g i ­
n e e r i n g d e s i g n . 

G i v e n b e l o w a r e t h e m o r e common modes 
o f m e t a l f a i l u r e . 

1 . Y i e l d i n g ; i n e l a s t i c d e s i g n w h e r e 
s t r e s s e s in, c o m p o n e n t s e x c e e d t h e 
y i e l d s t r e s s . 

2 . D u c t i l e f r a c t u r e ; in. d u c t i l e . m e t a l s 
when t h e s t r e s s e s e x c e e d t h e u l t i ­
m a t e t e n s i l e s t r e n g t h . ' 

3 . B r i t t l e f r a c t u r e ; c a t a s t r o p h i c 
f a i l u r e u s u a l l y u n d e r e l a s t i c l o a d ­
i n g . D e s i g n b a s e d o n " f r a c t u r e t o u g h ­
n e s s " . 

4 . F a t i g u e ; c a t a s t r o p h i c f a i l u r e u n d e r 
f l u c t u a t i n g s t r e s s e s ; D e s i g n b a s e d 
on" " f a t i g u e s t r e n g t h " . 

5 . C o r r o s i o n ; d e t e r i o r a t i o n o f m e t a l 
^ s a r e s u l t o f c h e m i c a l o r e l e c t r o ­
c h e m i c a l i n t e r a c t i o n w i t h t h e e n v i ­
r o n m e n t . C o r r o s i o n o f t e n i n t e r a c t s 
w i t h o t h e r f a i l u r e . mod£s s u c h a s 
b r i t t l e f r a c t u r e , ( s t r e s s c o r r o s i o n 
c r a c k i n g , h y d r o g e n e m b r i t t l e m e n t 
e t c . ) a n d f a t i g u e ( c o r r o s i o n f a t i ­
g u e ) . 

6 . W e a r ; m e t a l r e m o v a l f r o m c o n t a c t i n g 
s u r f a c e s t h r o u g h a c o m p l e x c o m b i ­
n a t i o n o f l o c a l s h e a r i n g , p l o w i n g , 
g o u g i n g , w e l d i n g , t e a r i n g e t c . 
Common f o r m s o f w e a r a r e a d h e s i v e 
w e a r , a b r a s i v e w e a r a n d c o r r o s i o n 
w e a r 

7 . F r e t t i n g ; s u r f a c e d a m a g e d u e t p 
d e j > r i s t r a p p e d b e t w e e n s u r f a c e s 
i n c o n t a c t . F a i l u r e t a k e s p l a c e 
i n c o m b i n a t i o n w i t h o t h e r f a i l u r e 
m q ^ e s , e g : - f r e t t i n g w e a r , f r e t t i n g 
c o r r o s i o n and, f r e t t i n g f a t i g u e , . 

8 . C r e e p ; a c c v \ m u l a t i ° . n o f p l a s t i c 
d e f o r m a t i o n ; oy,er a p e r i o d of t i m e 
u n d e r s t f e s s a n d h igh , t e m p e r a t u r e 
(be.t 'ween Q - 3 5 T a n d 0 . 7 T , T 
i'Tf.) i s m e l t i n g t e m p e r a t u r e ) . F i n a l 
f r a c t ; u r e _ d u e t o c r e e p i s k n o w n 
a s c r e e p r u p t u r e ( s o m e t i m e s known 
a s s t r e s s r u p t u r e ) . 

9 . B u c k l i n g ; e l a s t i c i n s t a b i l i t y o f 
s l e n d e r c o m p r e s s i o n , m e m b e r s . 

1 0 . C p m b i n a t i q n modes , ; e g : - c o r r p s i p n 
f a t i g u p . c r e e p f a t i g u e , a n d p o r r o s i o n -
c r e e p - f a t i g u e . T h e s e f a i l u r e modes 
a r e c r i t i c a l i n t h e d e s i g n o f g a s 
t u r b i n e s , c h e m i c a l p r o c e s s i n g p l a n t s , 
ppwer. g e p e r a t i p p p l a n t 8 . G f c . 

Basic Mech^nlP l̂ Properties of Metals 

The f a i l u r e m o d e s o u t l i n e d e a r l i e r c a n 
b e r e l a t e d t o b a s i c m e c h a n i c a l p r o p e r t i e s 
of m e t a l s , e n v i r o n m e n t a l e f f e p t g o n t h e s e 
p r o p e r t i e s , g e o m e t r y o f t h e c o m p o n e n t , 
and l o a d i n g c o n d i t i o n s . 

t e n s i l e p r o p e r t i e s 

F -̂fJ - 1 s h o w s t h e t w o c a t e g o r i e s o f s t r e s s -
s t r a i n , c u r v e s t h a t a r e o b t a i n e d , f o r m e t a l s ; 
f e r r p u s a n d n o n - f e r r o u s . T h e i m p o r t a n t 
p r o p e r t i e s a r e y i e l d s t r e n g t h ( X - S . ) 
( o r 0 .2% p r g o f s t r e n g t h ) , t e n s i l e s t r e n g t h 
( T . S . j a n d e l o n g a t i o n ( E L ) , s t a n d a r d 
t e s t i n g p r o c e d u r e s a r e g i v e n i n BS i d : 
P a r t 1 : 1 9 7 0 a n d BS 1 8 ; P a r t 2s 1 9 , 7 1 . 

TOUGHNESS 

A m e a s u r e o f t h e e n e r g y r e q u i r e d f o r 
f r a c t u r e . I n a t e n s i l e t e s t t h a t i s t h e 
a r e a u n d e r t h e s t r e s s - s t r a i n c u r v e . S t a n ­
d a r d m e t h o d o f t e s t i n g t o o b t a i n t o u g h n e s s 
a r e g i v e n b e l o w . 

( l ) i z o d i m p a c t T e s t i n g 
D e t e r m i n a t i o n o f e n e r g y a b s o r b e d a t r o o m 
t e m p e r a t u r e b y a s t a n d a r d . n o t c h e d s p e c i m e n , 
u s i n g a s t a n d a r d i m p a c t t e s t i n g p r o c e d u r e 
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given in BS 131: Part 1;1961. This test 
is useful for comparison purposes. 

(2) Charpy V-notch Impact Testing 
Determination of the absorbed impact 
energy variation with testing temperature 
by a standard notched specimen using 
a standard impact testing procedure given 
in BS 131: Part 2:' 1972. This test is 
useful for metals which show a change 
in fracture mode from ductile (high energy 
fracture) to brittle (low energy fracture) 
in a small temperature range (transition 
temperature range). A typical variation 
shown in Fig. 2 is characteristic for 
metals with a body centered cubic (bcc) 
cell structure. The major significance 
of this test is that it high-lights the 
fact that metals (eg: ferrous metals) 
can be ductile at room temperature while 
brittle at low temperatures. 

Fig. 1- Engineering stress - engineering strain curves for 

(a) Ferrous, and (b) Nonferrous metals. 

Transition 
temperature 
range 

Brittle 
(low 
energy) 

lucciie 
(high energy. 

-Sharpy V-notch 
Curve 

Fig. 2 

Variation ol impact energy (IE) with testing temperature (T) 

of a metal wi'th body centered cubic (bcc) cell structure. 

(3) Fracture toughness testing 
The determinations made using earlier 
toughness tests (i.e. (1) and (2) ) 
do not give a quantitative design 
criterion like .the yield strength, 
which is a meterial property. This 
limitation has been partially solved 
by the development of 'Fracture Mecha­
nics '. 

The essence of the fracture toughness 
test is given below. 

(a) A standard specimen with a pre­
viously introduced flow (usually 
a fatigue crack) is loaded. The 
"stress intensity factor" at the 
crack tip may be given by, 

K = C a »/Tier 
Where C - is dependent on the type 
of loading and geometry away from the 

a - crack length, and 
0 - nominal stress. 

crack. 

(b) For a fixed crack length 'a' when 
o c reached a critical value Oc 
the crack propagates abruptly 
to failure. Fig. 3 shows the typi­
cal variation of with 'a' 

(c) The critical stress intensity 
f a c t o r K ( = C (fc J n a ) 
i s a m a t e r i a l p r o p e r t y 
^ f r a c t u r e t o u g h n e s s " 

t e r m e d 

( d ) Fracture toughness testing is 
carried out in order to' determine 
K . Failure is predicted for 
( a» a ) combinations which give 
K > K (see Fig. 3), and hence c can be used similar to the yield 
strength as a design criterion. 
The value of K is influenced c 
by temperature, loading rate, 
and environment. 

K = C oV Tia is determined by a 2D/3D 
stress analysis for a linear elastic 
material in the context of "linear elas­
tic fracture mechanics" (LEFM). The 
validity of this relationship is suspect 
due to the formation of a localized 
plastic zone at the crack tip, in metals. 
When the plastic zone size remains small 
compared to the length of the crack 
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the LEFM model gives practically accept­
able results, especially if a small 
"correction factor" is introduced to 
account for crack-tip •» plasticity. How­
ever, when the material . properties, 
section size, loading conditions and 
environmental effect combine to produce 
a large plastic zone the concepts of 
of LEFM are violated, and "elastic-
plastic fracture mechanics" must . be 
employed. This phase of research is. 
in the development stage. Standard test­
ing procedures for fracture toughness 
testing in the range where LEFM is valid 
are given in BS 5447:1977. 

K * > K c 
(unsafe region) 

K *C K

c (safe region) 

Fig. 3 Variation of 0 " c (critical nominal stress) 
' w i t h . ' a ' (crack length) for rapid crack 

propergation. 

min 

Fig. & Typical stress - time variation used in fatigue 
testing. 
O" i S, CT . ' - S max mm 
C • mean stress • (T t C • 0 a max Bin 

2 

tTe • stress amplitude - 0 ~ M x - CT^ .. s 

2 

HARDNESS 

number while toughness is inversely 
proportional. Standard testing procedures 
of the above methods are given in BS 
891 i Part 1 : 1962, BS 240 : Part 1 
*: 19,62, and BS 427 : Part 1 : 1961 respec­
tively. 

FATIGUE 

When the stress - time variation shown 
in Fig. 4 is applied to a fatigue speci­
men, the S-N curves (Fig. 5) represents 
the number of cycles (N) to complete 
failure at a stress amplitude (S). Pre­
mature, fatigue failure occurs when 
S ^ S (the fatigue limit) - the case 
for !aj^ infinite life design, or when 
S S (no fatigue limit) - the A case 
for f i n i t e life design (after N* load~ 
ing cycles). These fatigue strength 
levels (i.e. S* and S**) fare below the 
elastic limit. 
Most fatigue data (S-N curves) are ob­
tained for the case of loading shown 
in Fig. 4, i.e. C =0. Data on the influ­
ence of C P on the fatigue strength 
(s* or S**) is limited. Therefore when 
O^j ̂ » Q, usual method is to use proven 
empirical relationships. Some relation­
ships are shown in Fig. 6 and may be 
written as follows: 

Gerber's Relationship 

S«* 

S** 

Soderberg's Relationship a a 

S** 
1. 

Fig. 6 shows that the experimental data 
fall between Gerber's and Goodman's 
relationships and the latter gives a 
conservative estimate. Standard testing 
procedures for fatigue testing are given 
in BS 3518 : Part 1 : 1962, Part 2:1962, 
Part 3:1963, Part 4:1963, and Part 5:1966. 

A simple, convenient and quick method 
of obtaining a 'measure' of strength 
and toughness of metals. Commonly used 
hardness testing methods are Rockwell, 
Brinnell, and Vickers which determine 
hardness numbers R and R , BHN, and 
VHN respectively. Usually strength 
is directly proportional to the hardness 

When u s i n g - t h e f a t i g u e s t r e n g t h a s a 
d e s i g n c r i t e r i o n , f a c t o r s w h i c h i n f l u ­
e n c e f a t i g u e b e h a v i o u r must • b e t a k e n 
i n t o c o n s i d e r a t i o n . The f a c t o r s w h i c h 
s p e c i f i c a l l y a p p l y t o f a t i g u e s t r e n g t h 
a r e , s u r f a c e c o n d i t i o n s , s u r f a c e t r e a t ­
m e n t s , s i z e e f f e c t , s t r e s s - t i m e ' . v a r i a ­
t i o n , and c u m u l a t i v e d a m a g e . 
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Cycles to failure (N) 

Fig. 1 S-N curves for loading given in Fig. *• Ferrous 
alloys shot* a fatigue Unit (S*) while for nonferrous 
alloys a fat igue strength (S»») after »*• cycles 
(JO to 10 ) is selected. 

S»* 

Fig. 6 Illustration of the empirical relationships 
for estimating the influence of O*0 on 0% 
at a fixed Mt igue life (N" cycles). 

CTu - t en s i i e s t reng th . CTy - yield strength. 
S" - fatigue s t rength when &a • 0. 

Factors re la ted to metal failure 
O t h t r i m p o r t a n t f a c t o r s t h a t a f f e c t 
meta j f a i l u r e a r e g i v e n b e l o w . 

COMBINED STRESS EFFECTS 

Designing m e c h a n i c a l o r s t r u c t u r a l compo­
n e n t s t o a v o i d p r e m a t u r e f a i l u r e i s 
a r e l a t i v e l y s i m p l e m a t t e r i f t h e compo­
n e n t i s s t r e s s e d u n i a x i a l l y . However 
t inder c d m p l i c a t e d l o a d i n g and geomet ry 
c o n d i t i o n s t h r e e d i m e n s i o n a l s t r e s s 
s y s t e m s a c t Oh t h e componen t . T h e r e f o r e 
i i i combined s t r e s s t h e o r i e s f a i l u r e 
i s predicated t o o c c u r when t h e maximum 
v a l u e of t h e s e l e c t e d " p a r a m e t e r " i n 
t h e . m u i t i d x i a l s t a t e of s t r e s s becomes 

O • 

e q u a l t o o r e x c e e d s t h e v a l u e of t h e 
same " p a r a m e t e r " t h a t p r o d u c e s f a i l u r e 

i n a u n i a x i a l s t r e s s s t a t e . T h i s " p a r a ­
m e t e r " i s a s t r e s s , s t r a i n o r e n e r g y . 

The most u s e f u l t h e o r i e s a r e g i v e n be low: 

( a ) Maximum normal s t r e s s t h e o r y 

The " p a r a m e t e r " i n t h i s c a s e i s t h e 
maximum p r i n c i p a l (normal ) s t r e s s . As 
t h i s i s a normal s t r e s s , f a i l u r e i s 
p r e d i c t e d i n a b r i t t l e mode, and c o n s e ­
q u e n t l y i t has; been found t o be t h e 
most s u i t a b l e f a i l u r e t h e o r y f o r b r i t t l e 
m e t a l s l i k e c a s t i r o n . 

(b ) Maximum Shear "S t ress Theory 

The " p a r a m e t e r " i s t h e maximum s h e a r 
s t r e s s . A s t h i s i s "ay'shear s t r e s s , f a i l u r e 
i s p r e d i c t e d by a s l i p p r o c e s s ( y i e l d i n g ) , 
and hence h a s been found t o be a s u i t a b l e 
f a i l u r e t h e o r y f o r y i e l d i n g of d u c t i l e 
m e t a l s l i k e s t e e l , a luminium and c o p p e r . 

( c ) D i s t o r t i o n Energy Theory ( o r O c t a ­
h e d r a l Shea r S t r e s s Theory) 

The p a r a m e t e r i s t h e d i s t o r t i o n e n e r g y / 
u n i t vo lume . The t o t a l s t r a i n e n e r g y 
a s s o c i a t e d w i t h a s t r e s s s y s t e m can 
be d i v i d e d i n t o two' p a r t s ; d i l a t a t i o n 
e n e r g y (due t o h y d r o s t a t i c s t r e s s compo­
n e n t ) and d i s t o r t i o n e n e r g y (due t o 
s h e a r s t r e s s componen t ) . T h e r e f o r e , 
t h i s " p a r a m e t e r " i s a s s o c i a t e d w i t h 
s l i p o r s h e a r p r o c e s s e s , and i s found 
t o be e q u i v a l e n t t o t h e o c t a h e d r a l s h e a r 
s t r e s s t h e o r y . Hence a s i n t h e maximum 
s h e a r s t r e s s t h e o r y , t h i s p a r a m e t e r 
h a s been found t o be i d e a l f o r p r e d i c t i n g 
f a i l u r e by y i e l d i n g . 

NOTCH EFFECTS 
Notches ( o r Geometr ic d i s c o n t i n u i t i e s ) 
c a n n o t be t o t a l l y a v o i d e d i n s t r u c t u r a l 
o r m e c h a n i c a l componen t s . Screw t h r e a d s , 
h o l e s , .kcyways, f i l l e t s a r e some of 
t h e more common c a s e s , w h i l e n o n -
i h t e n t i o n a l . g e o m e t r i e s d i s c o n t i ­
n u i t i e s may a r i s e due t o f a b r i c a t i o n 
p r o c e s s e s such a s mach in ing and w e l d i n g . 
Notches p r o d u c e complex s t r e s s s y s t e m s 
which g i v e t h e f o l l o w i n g e f f e c t s ; 

(1 ) a n o n - u n i f o r m s t r e s s d i s t r i b u t i o n , 
(2 ) A l o c a l i z e d t r i a x i a l . s t r e s s s y s t e m 

i n a u n i a x i a l l o a d i n g c a s e , and 
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(3) a s t r e s s c o n c e n t r a t i o n f a c t o r 
= . a c t u a l maximum s t r e s s 

hbmiha l s t r e s s 

The Ways i n which t h e s e a f f e c t f a i l u r e 
a r e g iven below; 

(1) The e f f e c t (2) i n c r e a s e s t h e h y d r o ­
s t a t i c s t r e s s component I N t h e l o c a l i z e d 
r e g i o n of t h e n o t c h . T h i s i n c r e a s e s 
t h e r a t i o of t h e maximum p r i n c i p a l normal 
s t ress /maximum s h e a r s t r e s s . T h i s e n ­
hances t h e p o s s i b i l i t y Of f a i l u r e a c c o r ­
d ing t o t h e maximum normal s t r e s s t h e o r y 
i n s t e a d of t h e maximum s h e a r s t r e s s 
t h e o r y ; Hence c a u s i n g b r i t t l e f r a c t u r e 
i n ah o t h e r w i s e d u c t i l e m e t a l ; s i m i l a r 
t o t h e e f f e c t of t e m p e r a t u r e r.s men t ioned 
e a r l i e r i n cha rpy V - h o t e impac t t e s t i n g ; 

(3) E l a s t i c s t r e s s c o n c e n t r a t i o n f a c t o r 
o r G e o m e t r i c a l s t r e s s c o n c e n t r a t i o n 
f a c t o r y = 

Kfc h a s been d e t e r m i n e d f o r v a r i o u s g e o ­
m e t r i c a l d i s c o n t i n u i t i e s u n d e r s t a n d a r d 
l o a d i n g c o n d i t i o n s ( e g . a x i a l l o a d i n g , 
b e n d i n g ; t o r s i o n , e t c ) us ing 1 t h e t h e o r y 
of e l a s t i c i t y and f i n i t e • e l e m e n t a n a l y s i s 
( s e e B i b l i o g r a p h y ) ; : "When t h e . ndmiqa i 
s t r e s s i s e l a s t i c , t h e - l o c a l i z e d s t r e s s 
sys tem a t t h e d i s c o n t i n u i t y can be 
i n t h e y i e l d i n g r a n g e : The l o c a l y i e l d i n g , 
c a u s e s a r e d i s t r i b u t i o n of s t r e s s e s 
and K\_ W i l l d e c r e a s e t o K. ( p l a s t i c 
s t r e s s c o n c e n t r a t i o n f a c t o r ) : p The d e t e r ­
m i n a t i o n of K i s v e r y d i f f i c u l t , hence 
e m p i r i c a l methods have been s u g g e s t e d , 
f o r d e s i g n p u r p o s e s s t r e s s c o n c e n t r a t i o n 
e f f e c t s have been c l a s s i f i e d a s b e i n g 
e i t h e r h i g h l y l o c a l ( e g : s m a l l h o l e s 
o r f i l l e t s ; keyways; s c rew t h r e a d s ) 
d r w i d e l y d i s t r i b u t e d ( e g . l a r g e ' f i l l e t s ; 
c u r v e d h o o k s , e y e - a r i d - c l e v i s j o i n t s ) . 

Hence t h e s t r e s s c o n c e n t r a t i o n e f f e c t s 
may be summarized a s i n T a b l e 1: The 
f a t i g u e s t r e s s c o n c e n t r a t i o n f a c t o r 

may be giVeh by , 

? r 

- I n e f f e c t i v e f a t i g u e s t r e s s 
nomina l f a t i g u e s t r e s s 

As i n t h e case ' of s t a t i c l o a d i n g where 
f a i l u r e would o c c u r when the ' a c t u a l ' 
maximum s t r e s s e x c e e d s t h e f a i l u r e 

s t r e n g t h i n f a t i g u e ; f a i l u r e would 
OccUt when t h e e f f e c t i v e ' f a t i g u e s t r e s s 
e x c e e d s t h e f a t i g u e s t r e n g t h . K f can 

* be r e l a t e d t o K^, by t h e n o t c h s e n s i t i ­
v i t y i ndex g g i v e n by; 

k\-1 
" J . ( 0 $ Q $ L ) 

K -1 
where-, *• . 
« - 1 

1+ P 
y 

Y- n o t c h r o o t r a d i u s ; AND 
p - m a t e r i a l c o n s t a n t which a p p r o a c h ­

e s z e r o a s t e n s i l e s t r e n g t h i n ­
c r e a s e s . T h e r e f o r e g a p p r o a c h e s 
u n i t y When t h e t e n s i l e s t r e n g t h 
of t h e m a t e r i a l i s i n c r e a s e d . 

IMPACT LOADING 

E f f e c t s of impac t l o a d i n g on compo-. 
n e n t s may be s e p a r a t e d i n t o two c a t e ­
g o r i e s ; 

( i ) P roduce s t r e s s e s and s t r a i n s t h a t 
a r e v e r y much l a r g e r t h a n t h e s t e a d y 
v a l u e s d e v e l o p e d unde r s t a t i c L O A ­
d i n g . 

^jjh) Change m e c h a n i c a l p r o p e r t i e s b a s i c ­
a l l y due t o i n c r e a s e d s t r a i n r a t e , 
i n c r e a s e s t h e y i e l d and t e n s i l e 
s t r e n g t h s w i t h a c o n s e q u e n t d e c r e a s e 
i n d u c t i l i t y . The i n c r e a s e d y i e l d 
s t r e n g t h s u p r e s s e s y i e l d i n g and 
hence e h c h a h c e s b r i t t l e f r a c t u r e ; 
r a i s e s t h e d u c t i l e t o b r i t t l e f r a c ­
t u r e t r a n s i t i o n t e m p e r a t u r e . Impact 
l o a d i n g becomes most c r i t i c a l i n 
t h i s l a t t e r a s p e c t when components 
c o n t a i n s n o t c h e s . 

FABRlCATiC^ EFFECTS 

Meta l f a b r i c a t i o n t a k e s p l a c e i n many 
fo rms ; m a c h i n i n g ; c o l d work w e l d i n g . 
They Can d i r e c t l y a f f e c t f a i l u r e ' by 
t h e i r i n f l u e n c e on m e c h a n i c a l p r o p e r t i e s 
due t o e f f e c t s such a s r e s i d u a l s t r e s s e s ; 
s t r a i n a g e e m b r i t t l e m e n t ; arid hteat t r e a t ­
men t : They can a l s o i n d i r e c t l y a f f e c t 
f a i l u r e by i n t r o d u c i n g n o t c h e s ; c r a c k s ; 
m i c r b s t r U c t u r a l d i s c b h t i n u t i e s and m i c r o -
s t r u c t u r a l d e f e c t s : 
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ENVIRONMENTAL EFFECTS 

The b a s i c m e c h a n i c a l p r o p e r t i e s of m e t a l s 
d i s c u s s e d e a r l i e r were i n ambien t c o n d i ­
t i o n s . However, f a i l u r e i n many c a s e s 
t a k e s p l a c e unde r d i f f e r e n t e n v i r o n ­
m e n t a l c o n d i t i o n s a s o u t l i n e d e a r l i e r . 
These f a i l u r e s g e n e r a l l y can be r e l a t e d 
t o t h e e n v i r o n m e n t a l e f f e c t s on mecha­
n i c a l p r o p e r t i e s . The major e n v i r o n ­
m e n t a l e f f e c t s on m e c h a n i c a l p r o p e r t i e s 
a r e g i v e n be low . 

(1 ) T e m p e r a t u r e 

The b a s i c e f f e c t s a r e on s t r e n g t h and 
d u c t i l i t y ; s t r e n g t h i n c r e a s e s w i t h a 
c o n s e q u e n t d e c r e a s e i n d u c t i l i t y w i t h 
d e c r e a s e i n t e m p e r a t u r e , and v i c e v e r s a . 
Due t o t h e s e b a s i c e f f e c t s two common 
modes of f a i l u r e o c c u r ; low t e m p e r a t u r e 
e m b r i t t l e m e n t ( e g : - K i s d e c r e a s e d ) , 
and c r e e p a t h i g h t e m p e r a t u r e . T h e e f f e c t s 
of low t e m p e r a t u r e may be i n c o r p o r a t e d 
i n d e s i g n by d e t e r m i n i n g K , w h i l e when 
i n c o r p o r a t i n g c r e e p i n t o d e s i g n o n l y 
e m p i r i c a l a p p r o a c h e s a r e a v a i l a b l e . Gen­
e r a l l y f a t i g u e s t r e n g t h i s improved 
w i t h d e c r e a s e i n t e m p e r a t u r e and d e t e r i o ­
r a t e w i t h i n c r e a s e i n t e m p e r a t u r e . Com­
b i n e d c r e e p - f a t i g u e i s of g r e a t impor ­
t a n c e i n h i g h t e c h n o l o g y d e s i g n s ; e g ; -

a i r c r a f t g a s t u r b i n e s and n u c l e a r power 
r e a c t o r s . 

(2 ) C o r r o s i o n 

Takes p l a c e u n d e r s p e c i f i c m e t a l - e n v i r o n ­
m e n t a l c o m b i n a t i o n s , e g : - aqueous c o r r o ­
s i o n and g a s e o u s c o r r o s i o n . The e f f e c t s 
on m e c h a n i c a l p r o p e r t i e s a r e u s u a l l y 
due t o t h e d e t e r i o r a t i o n of t h e s u r f a c e 
f o t h e componen t . 

These e f f e c t s may be c a t e g o r i z e d a s 
f o l l o w s : 

( a ) S t r e s s c o r r o s i o n ' c r a c k i n g (SCC) 
which a f f e c t f r a c t u r e t o u g h n e s s 
by d e c r e a s i n g K t o K 1 c s e c 

(b ) Hydrogen e m b r i t t l e m e n t which a l s o 
d e c r e a s e s f r a c t u r e t o u g h n e s s 

c 
( c ) C o r r o s i o n - f a t i g u e 1 c a u s e s a l a r g e 

d e c r e a s e i n t h e f a t i g u e ' s t r e n g t h . 

F u r t h e r , i n s t e e l s i t e l i m i n a t e s t h e 
f a t i g u e l i m i t . 

Design Process 

The d e s i g n p r o c e s s may be c a r r i e d o u t 
i n t h e f o l l o w i n g s e q u e n c e . 

(1 ) A f t e r examining t h e d e s i g n s p e c i f i ­
c a t i o n s and p r o p o s e d c o n f i g u r a t i o n 
t h e " c r i t i c a l " components t h a t 
may govern t h e d e s i g n has t o be 
i d e n t i f i e d . 

(2) The f a i l u r e mode of t h e s e components 
have t o be d e t e r m i n e d . 

( 3 ) De te rmine t h e m e c h a n i c a l p r o p e r t i e s 
t h a t a r e d i r e c t l y r e l a t e d t o t h e 
f a i l u r e modes. S e l e c t i o n of m a t e r ­
i a l s may be done a t t h i s s t a g e ; 
c o s t and a v a i l a b i l i t y a r e i m p o r t a n t 
c o n s i d e r a t i o n s . 

(4 ) O b t a i n u n i a x i a l s t r e n g t h d a t a of 
t h e s e l e c t e d m a t e r i a l s i n t h e a p p l i ­
c a b l e f a i l u r e modes . These d a t a 

. may be o b t a i n e d from a v a i l a b l e 
l i t e r a t u r e , t e s t c e r t i f i c a t e s , 
o r l a b o r a t o r y t e s t i n g . 

(5) S e l e c t a s a f e t y f a c t o r . P r e m a t u r e 
f a i l u r e h a s t o be a v o i d e d b u t a t 
t h e same t i m e m a t e r i a l s must be 
u sed e f f i c i e n t l y . T h e r e f o r e , t h e 
marg in be tween o p e r a t i n g s t r e s s 
l e v e l s and f a i l u r e s t r e n g t h s must 
be d e c i d e d w i t h due r e g a r d t o t h e . 
many u n c e r t a i n t i e s a s s o c i a t e d w i t h 
m a t e r i a l p r o p e r t i e s ; l o a d i n g c o n f i ­
g u r a t i o n s ; a c c u r a c y of assumed p h y ­
s i c a l and m a t h e m a t i c a l models r e l a ­
t i n g l o a d , m a t e r i a l and ' f a i l u r e 
r e s p o n s e . The s a f e t y f a c t o r can 
be r e d u c e d when t h e s e u n c e r t a i n i t i e s 
a r e r e d u c e d . An a v e r a g e v a l u e f o r 
t h e s a f e t y . f a c t o r i s a b o u t 2 . 

(6 ) C a l c u l a t e t h e u n i a x i a l d e s i g n s t r e s ­
s e s by d i v i d i n g t h e u n i a x i a l f a i l u r e 
s t r e n g t h s by t h e s a f e t y f a c t o r . 

(7) Use t h e a p p l i c a b l e combined s t r e s s 
t h e o r y of f a i l u r e t o c o n v e r t t h e 
u n i a x i a l d e s i g n s t r e s s t o t h e c o r r e s ­
pond ing d e s i g n p a r a m e t e r . 
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(8) Use t h e d e s i g n p a r a m e t e r t o d e t e r m i n e 
t h e geometry of t h e component by 
an i t e r a t i v e problem - s o l v i n g and 
a d e c i s i o n - making p r o c e s s . 

Conclusion 

R e c o g n i t i o n of t h e p o t e n t i a l f o r m e t a l 
f a i l u r e and t h e i d e n t i f i c a t i o n of t h e 
f a i l u r e modes t h a t p e r s i s t , i n t h e r e a l 
e n g i n e e r i n g wor ld a r e e s s e n t i a l when 
d e s i g n i n g • t o a v o i d p r e m a t u r e f a i l u r e . 
There a r e a wide v a r i e t y of f a i l u r e 
mode i n * m e t a l s t h a t may be e n c o u n t e r e d . 
T h i s p a p e r i n t r o d u c e s . t h e common f a i l u r e 
modes In m e t a l s , and t h e ways t h e y may 
be i n c o r p o r a t e d i n a q u a n t i t a t i v e manner 
t o e n g i n e e r i n g d e s i g n . 
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