
B 
ITHRU) 

/ 
(CODE1 

2 e 
c (PAGES1 

< 
i 

INASA CR OR TME OR AD NUMBER1 (CATEGORY1 

- 
‘’TKF: PRFDICTION OF NOTCH AND CRACK STRENGTH 

UNDER STATIC OR FATIGUE LOADING J 
LPaul Kuhn .-I p4v;i { l r  

---7 NASA .Langley Research Center 

=e- Langley Sta t ion , -hnpto  --_ 
/-- 

1, YPW (2 LA. 4 b , L l A k & ? b .  

&’&%he& a t  the 1964 SAE-ASME NatConal A i r  Transport 
and Space Meeting and Production Forum, 

GPO PRICE $ 

CFSTI PRICE(S) $ 

Microfiche (MF) 5 5  
ff 653 July65 



THE PREDICTION OF NOTCH AND CRACK SmNG!I'H 

UNDER STATIC OR FATIGUE IDADING 

BY 
Paul  Kuhn* 

To be presented at 

1964 SAEdsME National A i r  Transport and 

Space Meeting and Production Fonun. 

April 27-30, New York 

*Assistant Chief, Structures Reseaxch Division, NASA Langley Research Center, 
Langley Station, Hampton, Virginia. 



INTROWCTTON 

I t  i s  a well-known f a c t  t h a t  service failures i n  s t ructures  usually 

originate at  notches of some sort ,  par t icular ly  i f  the s t ructure  is  subjected 

mainly t o  fatigue loading. In recognition of t h i s  fact ,  t h e  be t te r  t ex t  books 

on strength of materials as long as t h i r t y  years ago contained a f a i r  amount 

of information on theoret ical  stress concentration factors  fo r  various notches 

* , 

of prac t ica l  in te res t ,  and a vast amount of additional information has become 

available since then. 

However, tests and service experience showed consistently t h a t  the 

theoret ical  factors  are almost always unduly conservative; not infrequently, 

experimental fac tors  are an order of magnitude lower than t h e  theoret ical  

factors.  Hundreds of experiments have been published, and const i tute  a large 

and confusing catalog of differences between theory and tests. 

f o r  the differences have been discussed, but i n  general, the discussions were 

essent ia l ly  qual i ta t ive and did not r e su l t  i n  t he  development of generai 

methods f o r  converting theoret ical  factors  into factors  suitable fo r  use i n  

design. 

Several reasons 

More recently, the  e f fec t  of cracks on s t a t i c  strength has become a 

design problem. The sens i t iv i ty  of materials t o  cracks varies greatly; i n  

some materials, the  s t a t i c  strength is  reduced dras t ica l ly  by the  presence 

of cracks. Airworthiness requirements f o r  airplanes s t ipu la te  t h a t  a s t ructure  

n r y l A  L.Ic;l.Ln~ V I  epc i f i ec i  i e r l g i n  must deveiop a cer ta in  f ract ion of the strength 

required i n  the  undamaged condition. 

due t o  fa t igue or due t o  welding are a matter of v i t a l  concern. 

,,<+I. ,-.*....lP- ^P --- 

I n  other types of structures,  cracks 

Adequate 
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methods f o r  predicting the e f f ec t  of cracks are  therefore of great  inportance 1 

i n  all l i nes  of s t ruc tura l  engineering. 

The present paper discusses a method of notch analysis intended t o  deal 

with notch problems i n  a unif ied manner. The development of t h e  method has 

I taken place i n  three main steps and i s  not considered corcpleted. 

step, a formula given by H. Neuber based on considerations of s ize  e f fec t  

In  the rirst 

~ 

w a s  developed in to  a method fo r  computing fatigue notch factors  and w a s  applied ~ 

t o  parts m a d e  of low-alloy steels ( r e f .  1). 

I 

I n  the second step, p l a s t i c i ty  

considerations were added which gave the capabiii ty of computing s t a t i c  

strength factors  fo r  notches and cracks; extensive applications involving 

static as w e l l  as fatigue notch factors  f o r  wrought aluminum al loys were 

presented In reference 2. In  the t h i r d  step,  the amplified method was applied 

t o  compute s t a t i c  strength factors  f o r  titanium alloy pa r t s  a t  cryogenic as 

well  as elevated temperatures (ref. 3). The present paper has been prepared 

t o  summarize the current state of development of the method, t o  discuss i t s  

use i n  the f i e l d  of tes t ing  of materials f o r  notch strength, and t o  discuss 

two important extensions of the method. 
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Flow-restraint fac tor  

Young's modulus, k s i  

Secant modulus of e l a s t i c i t y  pertaining t o  

Theoretical fac tor  of s t r e s s  concentration 

Factor of s t r e s s  concentration, corrected f o r  s ize  e f fec t ;  

uu , ks i 

a l so  predicted factor  f o r  notch fatigue a t  long l i f e  

Factor of s t r e s s  concentration applicable to s t a t i c  f rac ture  

Factor i n  formula (1) 

Radius of cylinder, in.  

Average s t r e s s  on net section a t  s t a t i c  f racture  (net section 

measured before loading begins) 

Depth of edge notch, or half-length of transverse centers lot  or 

crack, in. 

Halfwidth of net section, in .  

Elongation i n  2-inch gage length 

Thickness of specimen, in.  

Width of specimen, in.  

Radius of notch, in.  

Neuber constant, in. 

Tensile y i e ld  strength ( O . @  offset), k s i  

Tensile strength, k s i  

Flank angle of notch, radians 
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METHOD O F  ANALYSIS 

The method of notch analysis presented here is based on the conventional 

concept tha t  a notched par t  w i l l  f a i l  when the peak s t r e s s  at the root of the 
I 

notch becomes equal t o  the appropriate "allowable s t ress . "  

calculated as the product of the net-section s t r e s s  

factor  of stress concentration. The f i r s t  sub-section below outlines the 

The peak s t r e s s  i s  

SN and an appropriate 

procedure, while the later ones give the detailed formulas fo r  notches (with 

f i n i t e  radius) and for  cracks. The discussion i n  t h i s  paper w i l l  be confined 

t o  f l a t  symmetrical parts axially loaded except for fatigue. 

Outline of Procedure 

Prediction of the s t a t i c  strength of a par t  with a finite-radius notch 

involves three main steps. 

(a) The theoret ical  factor of s t r e s s  concentration KT i s  corrected 

f o r  "size effect", which is  ascribed t o  the granular structure of engineering 

alloys. Size e f fec t  is  assumed t o  be governed by the  "Neuber constant" p ' .  

The corrected factor  is denoted by $. 
(b) The factor $ is corrected f o r  p l a s t i c i t y  e f fec t  t o  obtain the 

f i n a l  factor fo r  ultimate ( s t a t i c )  strength. The correction is  made 

by use of the r a t i o  

the yield s t ress  substantially. (The modified procedure fo r  net-section 

stresses above the yield stress is discussed under "Notes on formulas"). 

E1/E, provided the net-section s t r e s s  does not exceed 

( c )  To obtain the "allowable stress", the t ens i l e  strength of the material 

(1 + B) is modified by an empirical factor  which allows f o r  the notch-trength- 

ening due t o  res t ra in t  aga ins t  flow at the root of the notch. 



Step ( c )  is  not involved i n  the calculation of the s t a t i c  s t r eng th  of 

a cracked par t ,  because notch strengthening i s  assumed t o  be negligible 

(B = 0 )  for  cracks, making the allowable s t ress  equal t o  the t ens i l e  

strength. Moreover, fo r  cracks, KT and coalesce in to  one factor  

( ref .  2); thus, the f i n a l  factor  Ku takes the simple form given i n  

formula ( 5 ) .  

For fatigue loading near the fatigue l i m i t ,  only the first step (a )  is  

involved; the factor  consti tutes the predicted fatigue notch factor.  

The allowable stress i n  t h i s  case is the  chosen fatigue stress. 

Formulas f o r  Notches With Finite Radius 

The most important types of notches encountered on sheet par t s  are shown 

i n  figure 1. The formulas used are  

W ( internal  notches) 
2a 
W 

K w = l - -  W (edge notches) O b )  

( 2 )  
W 2 % = 1 +  (we = 2 f o r  w < -  x)  

3 
1 +  

x - w  e 

(p '  from figure 2a, b o r  c o r  from special  tests)  
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Ku = 1 + (% - 1) E 

1 
0. &E 1+- 

-/v E ”  

0 

sN = e + B, (B  from figure 3) 

Formulas fo r  Transverse Cracks 

(Crack length is measured before load is  applied) 

(Note approximation fo r  - given by formula (3a))  
E 

0 U SN = - 
Ku 

Notes on Formulas 

(a) A l l  applications t o  e i the r  s t a t i c  or fatigue strength predictions 

should conform t o  the res t r ic t ions  noted i n  figures 2(a) and 2(c) and at the end 

of the section %termination of Neuber Constants. ‘I 

(b) Formula (2)  is general; it applies, fo r  instance, t o  c i rcu lar  or  

e l l i p t i c a l  holes and f i l l e ted  shaulders as w e l l  as t o  the  notches shown i n  

f igure 1. 

( c )  For sheet containing center slots or cracks, the value of SN 
calculated by expression (4)  or  (6) should be multiplied by the correction 

factor  

2a (1 - 0.001 7) (7) 
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t o  allow for  buckling along the edges of the crack. Material tests should 

preferably be run with guides t o  suppress t h i s  buckling, at least when 

2a750tY since the correction factor  is  not w e l l  substantiated. 

(d) Recent r e su l t s  suggest t ha t  the quantity E1/E i n  formulas (3)  

and ( 5 )  should be replaced by E l / V T  when SN 7 u (more precisely, 
t Y  

when SN exceeds the proportional l i m i t ) .  

(e) The factor  Kw in formulas ( la)  and ( l b )  is based chiefly on photo- 

e l a s t i c  tests i n  references 4 and 5.  

( f )  The empirical quantity B i n  formula (4 )  is subject t o  considerable 

scat ter .  The factor 5 i s  probably not an adequate parameter for  defining B. 

DISCUSSION OF KEYHOD 

Two aspects of the method warrant discussion. One is  the problem of 

determining the Neuber constants, which may be regarded as the foundation of 

the method. 

no tcheens i t i v i ty  and other material properties, which w i l l  be examined b r i e f ly  

i n  the l i g h t  o f  the method of notch analysis. 

The other is the mch-discussed question of relationships between 

Determination of Neuber Constants 

The Neuber constant p l  for a given material can be determined e i ther  

f r o m  fa t igue tests or from s t a t i c  tests. 

intended only t o  define "size effect", that  is, it establishes an "effective 

stress" value and has no re la t ion  t o  fracture characterist ics.  

the poss ib i l i t y  exists tha t  the experimentally determined 

r e f l ec t  t o  some extent f racture  characterist ics and thus may depend on the 

type of t e s t  from which they are derived - fa t igue  or  s t a t i c  t e s t .  

Nominally, a Neuber constant i s  

However, 

p*-values may 
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For aluminum alloys, extensive experimental evidence w a s  found i n  the 

l i t e r a tu re  fo r  notch fatigue as w e l l  as f o r  s t a t i c  notch strength of sheet 1 

material, and it w a s  found tha t  the 

both types of tests equally well. 

ship between p'  and uu shown i n  figure 2(b) apparently does not change 

when the tes t  temperatures m e  lowered t o  cryogenic values. 

mean that  p' is independent of temperature, since u changes with 

temperature. ) 

p'-values given by figure 2(b) represent 

It has a l so  been found tha t  the relation- 

(This does not 

u 

For lar-al loy s tee ls ,  a wealth of l i t e r a t u r e  ex i s t s  on notch fatigue, but 

pract ical ly  no tests have been made on notch strength of sheet material. 

p*-Curve of figure 2(a) is  therefore based en t i re ly  on fatigue tests. 

The 

There has been, of course, much work done on the fracture  of mild steel 

The behavior of thick p la te  is  more d i f f i cu l t  t o  assess than i n  plate form. 

that of t h i n  sheet. 

have concentrated heavily on such properties as t rans i t ion  temperatures and 

impact energy, while tens i le  strength and elongation were largely disregarded. 

An analysis of these t e s t s  by m e a n s  of the present method i s  therefore severely 

handicapped by paucity of useable data and has not been attempted. 

Moreover, investigations on the behavior of p l a t e  material 

On titanium sheet material, there has been a large amount of work i n  the 

last few years t o  determine t ens i l e  strength and notch strength, engendered 

by the good character is t ics  which some of the alloys o f fe r  f o r  various 

applications i n  aerospace engineering. Consequently, it has been possible t o  

develop tentat ive 

tentative because a large portion of the tes t  data on which they are based 

were obtained on material produced at a t i m e  when production techniques w e r e  

p'-curves as sham i n  figure 2c. They are regarded as 
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not too  w e l l  s tabil ized. 

titanium covers temperatures ranging from 423O F t o  over 600" F. On the  basis 

of t h i s  information, it appears t ha t  the 

is valid f o r  all temperatures within the range quoted, which is obviously a 

highly important observation. 

The available information on the notch strength of 

pl-du re la t ion  given by figure 2(c) 

While the current s i tuat ion regarding t e s t  information on the s t a t i c  

notch strength of titanium is  f a i r l y  good, the s i tuat ion regarding notch 

fatigue strength is bad. The experimental information is qui te  limited, 

a substant ia l  par t  of it is highly specialized, some of it i s  f a l s i f i e d b y  

t e s t  d i f f i c u l t i e s  t ha t  were not recognized a t  the t ime,  and f ina l ly  much of 

it was obtained at a t i m e  when the manufacturing technology w a s  s t i l l  beset 

by development troubles. Whatever the detailed reasons may be, a preliminary 

survey shows t h a t  there appems t o  be no hope of devising a system f o r  

predicting notch fatigue factors  for  titanium alloys u n t i l  a reasonable 

quantity of b e t t e r  data is obtained. 

On s t a in l e s s  s tee ls ,  some information on crack strength is  available 

(ref. 6), and more is being obtained. 

cold work, and heat treatments, with the resu l t  t h a t  there is  a large variety 

of chzracter is t ics .  It must be presumed, therefore, t ha t  p lo ts  of p *  would 

not snow one or t w o  curves as i n  rigures 2(aj, (bj, or ( c j ,  but a large number 

Of C u r v e s ,  some of which might be rather  short. For the time being, it does 

not seem possible t o  do more than tabulate such 

Stainless steels vary great ly  i n  chemistry, 

p'-values as may be obtained. 

Notch fat igue information on s ta in less  steels is  too sparse a t  present 

t o  permit any deductions. 
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The review given i n  t h i s  section shows t h a t  the appl icabi l i ty  of one 

given set of p'-values t o  the calculation of static as well as fat igue 

notch factors has been demonstrated so far only fo r  the aluminum al loys.  

Prudence dictates,  therefore, t h a t  the application of p'-values f o r  other 

materials be res t r ic ted ,  f o r  the time being, t o  the type of t e s t s  - fatigue 

or s t a t i c  - from which they were derived. The curves of f igures  pa and ?c 

a re  therefore labeled accordingly. 

Relations Between Notch Sens i t iv i ty  

and Other Material Properties 

The formulas presented make it possible t o  compute notch factors,  provided 

cer ta in  materials properties are  known. There is  considerable controversy 

about the re la t ions  between notch sens i t i v i ty  and other material properties.  

I n  particular,  the old school of thought holds t h a t  elongation is a fairly 

d i rec t  index of notch sens i t iv i ty ,  while one new school holds that  elongation 

has nothing t o  do with notch sens i t i v i ty  and consequently does not even report  

elongation values i n  elaborate investigations on notch sens i t iv i ty .  

worthwhile, therefore, t o  examine briefly how the method of notch analysis  

views t h i s  matter. 

It seems 

Fatigue notch fac tors  are computed by formula ( 2 ) ,  which contains t h e  Neuber 

constant P' and no other material property. Thus, according t o  t h i s  method, 

the fatigue notch sens i t i v i ty  of a material is  characterized filly by p' .  

lilor cer ta in  c lasses  of materials, the  constant p '  i s  r e l a t ed  t o  the  

t ens i l e  strength (T by a curve. Thus, fo r  materials within one such class ,  

comparative rankings of fa t igue notch s e n s i t i v i t y  could be based on the  t e n s i l e  

strength. 

U 
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Sta t i c  crack strength factors  are computed by formula (s), with the 

poss ib i l i ty  of using the approximation given by formula (3a). Thus, the  method 

of notch analysis contends tha t  the s t a t i c  crack sens i t iv i ty  of a material 

can be characterized e i the r  by the quantity F E / E l  o r  by the quantity 

). The latter contains expl ic i t ly  the permanent elongation e , 

El . 
0 

U 
F(1 + 

while the former contains the uniform elongation implicit ly i n  the modulus 

If the term "elongation" i s  used i n  a general sense t o  include e i the r  one, 

the following statements ma,y be made: 

(a) Elongation alone is not suff ic ient  t o  characterize s t a t i c  crack 

sens i t iv i ty ,  since it appears i n  the formula i n  combination with several  other 

material properties. 

(b) Elowation must be known ( in  one form or another) t o  completely 

characterize s t a t i c  crack sens i t iv i ty  if  "conventional" t e n s i l e  properties 

(E and ou) are used t o  characterize it (and p t  must also be known). 

The last statement implies tha t  the  value of a number of research investi- 

gations has been great ly  reduced by fa i lure  t o  report  elongation values. 

The s t a t i c  strength of par t s  with finite-radius notches i s  affected by 

the same parameters as the crack-strength and, i n  addition, by notch- 

strengthening. Since the amount of notch+trengthening is a function of the 

gemetry  of the past (fig.  3 ) ,  it appears tha t  s t a t i c  notch sens i t i v i ty  

(par t icu lar ly  f o r  mild notches) cannot be considered as a pure materials 
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EXPERIMENTAL VERIFICATION 

I n  the development of the method, strong emphasis has been placed on 

extensive experimental verification. 

the references, only samples have been chosen for presentation here. 

indications have been given of the accuracy of prediction that may be expected. 

However, because of the large scope of the method, it i s  d i f f i c u l t  t o  be 

specific on t h i s  score, and the potent ia l  user of the method should study 

the data and form h i s  own opinions. 

Since rather  f u l l  coverage is given i n  

Some 

Low-Alloy Steels 

Figure 4 shows sample predictions (from ref. 1) of fatigue notch factors  

fo r  rotating shafts with f i l l e t e d  shoulders. 

represents a group of specimens of varying size,  but geometrically similar 

and consequently having the same value of For two groups, the agreement 

between test and prediction i s  prac t ica l ly  perfect; for  the t h i r d  group, there 

i s  a discrepancy of about ten  percent. 

those obtained f o r  a large variety of specimen types and materials; the t o t a l  

number of test  points analyzed t o  date is  about 300, with about 260 presented 

i n  reference 1. 

Each of the three tes t  ser ies  

5 . 

These r e su l t s  are  reasonably typ ica l  of 

+ 
The prediction e r ro r  is within - 20% f o r  &$ of the  tests. 

Aluminum Alloys 

Reference 2 presents first about 160 s e t s  of fatigue t e s t s  on aluminum- 

alloy specimens, 90 of which are for ax ia l ly  loaded specimens while the r e s t  

are rotating beams. O v e r - a l l ,  the prediction e r r o r  is within - 204 fo r  7746 

of the tests; however, counting only axia l ly  loaded specimens, 20% accuracy 

or better is  achieved fo r  85s of the specimens. 

+ 
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Reference 2 next presents a large ser ies  of s t a t i c  crack-strength test 

results fYom a number of laboratories on sheet specimens with transverse 

cracks o r  f ine  saw-cuts. Specimens vary i n  width from 2.25 t o  35 inches and 

include a var ie ty  of alloys,  without and with cladding. 

number of results on p l a t e  and bar specimens. 

Also shown are a 

For the sheet specimens, no coupon data were available f o r  most tests. 

Predictions were therefore made on the  basis of typical  material  properties 

taken from the  material  manufacturer's handbooks. 

generally qui te  close (conservative i n  a few cases f o r  short  cracks) f o r  

copper a l loys ,  On the only zinc-alloy (707546),  there  w a s  considerably 

more s c a t t e r  evident,and some unconservative predictions resul ted when typical  

elongations were used as basis f o r  prediction; however, no s igni f icant ly  

unconservative predictions were obtained when specification minimum elongations 

were used as basis f o r  calculation. 

The predictions were 

Reference 2 shows rather  conservative predictions f o r  some low-strength 

al loys,  f o r  which the  net-section stresses at  failure were well  above the 

y ie ld  s t r e s s .  

I t e m  (d) under "Notes on Formulas" i n  the present paper i s  used 

However, close predictions resu l t  if the procedure given as 

Figure 5 shows r e su l t s  from a s e t  of crack-strength tests conducted by 

an aircral ' t  firm i n  England (ref. 71, thus affording a check of the  method fo r  

a number of alloys not included i n  the t e s t s  evaluated i n  reference 2. 

specimens were sheets, e i t he r  10 or  30 inches wide, with cent ra l  fatigue cracks. 

Three t e n s i l e  coupon t e s t s  were m a d e  f o r  each material, and the predicted 

The 
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curves shown as full l ines  were calculated on the basis  of these coupon 

properties. 

dashed curves -based on elongations taken from reference 8. 

For the zinc-alloys, additional calculations were made - shown as 

This modification 

of procedure i s  roughly equivalent t o  the use of m i n i m u m  elongation mentioned 

above for the '1075-T6 specimens i n  reference 2. 

It may be noted i n  f igure 5 tha t  the t e s t  points at  2 a / w  = 0 . 7  are 

?Jo explanation can substantially lower than predicted for some materials. 

be suggested fo r  t h i s  discrepancy. 

Figures 6 and 7 (from ref .  2 )  represent data  which are f e l t  t o  have a 

special significance. The specimens are of rectangular configurztion w i t h  

central  transverse fatigue cracks, but they are  substant ia l ly  thicker than 

all the other specimens i n  reference 2 and those of figure 5 .  The r e su l t s  

shown in figure 5 a r e  fo r  plates  0.25 inch thick (machined from 1-inch p la te ) ,  

while those i n  f igure 7 are for  bars 0.75 inch thick.  Both figures show 

rather good agreement between test  and prediction. This agreement implies 

tha t  there is no "thickness effect ' '  exhibited by these specimens, a r e su l t  

which is remarkable i n  view of a wide-spread be l ie f  t ha t  important thickness 

effects  may be found well within the range of sheet gages (thickness l e s s  

than one-quarter inch). 

Figures 8(a) and 8(b) show comparisons taken from reference 3 for  a 

series of tests made at Watertam & s e n d  (ref. 9). The specimens, as 

noted, are Vee-notch specimens 0.64 inch wide, with a notch radius of 0.002 

inch. The experimental values of t e n s i l e  strength and elongation m e  shown 

for  information and the curves connecting these points are simply fa i red  
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through the t e s t  points; the curves for notchstrength r a t io ,  however, are  

calculated. Even at the cryogenic t e s t  temperatures, there i s  reasonably 

good agreement between t e s t  and prediction, indicating that the p*--curve 

of figure 2(b)  may be used within the tenperature range of these tests and 

possibly lower. 

Ti tan ium Alloys 

Figure 9 shows comparisons (taken from ref. 3) f o r  s e t s  of t e s t  data 

on titanium a l l o y s  taken from reference 10. The specimen i n  t h i s  case is  

one recammended by the ASTM (ref .  ll), a Vee-notch specimen one-inch wide 

w i t h  a notch radius of 0.0007 inch. It w i l l  be noted tha t  the test  tempera- 

tures  range from -110" F t o  -1650" F. The rather good agreement between t e s t  

and calculated notch-strength r a t io s  f o r  all alloys indicates t ha t  the 

p*-curve of figure 2(c) may be used over t h i s  temperature range. Other t e s t s  

extending t o  -423" F me unfortunately less completely reported, but indicate 

t ha t  the  Pt-cu-ves may be used down t o  liquid-hydrogen temperatures. 

APPLICATIONS TO NOTCH TENSILE TESTING 

General Remarks 

Fbr the purpose of discussion here, the term "notch-tensile tes t ing" 

w i l l  be defined as applying t o  t ens i l e  tests on sheet-type specimens of 

symmetrical shape, not employing impact loading. This def ini t ion excludes 

8 large nurdber of tests which me widely used, but it s t i l l  encompasses a 

large var ie ty  of specimen sizes and types actually used. 

because consideration must be given t o  

This var ie ty ex is t s  
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(a) 

(b) amount of material  available 

( c )  

(d) cost  of specimens and t e s t s  

desired accuracy of determining notch sens i t i v i ty  

capacity of t e s t ing  machine available 

and possibly other factors.  

and generally favor the use of s m a l l  specimens. 

consideration runs strongly counter t o  th i s .  

wide) are very "insensitive" t o  ra ther  large changes i n  notch sens i t iv i ty ;  

thus, they may be adequate i n  preliminary screening tests f o r  sor t ing out 

materials with objectionably high notch sensi t ivi ty? but they are often unable 

t o  define differences between materials i n  the desirable range of low notch 

sensi t ivi ty .  For the purpose of obtaining f i n a l  design data, the a i r c r a f t  

industry has made extensive use of specimens 35 inches wide ,  but t h i s  width 

is  obviously not acceptable economically f o r  exploratory work. In practice,  

specimen widths anywhere between 0.6 inch and 36 inches have been used, and 

standardization on a s ingle  width appears t o  be qui te  impractical. 

The last three considerations are self-explanatory 

Unfortunately, the first 

Small  specimens ( s a y  one inch 

The notch sharpness a l so  var ies  grea t ly  i n  practice.  For machined 

notches, theore t ica l  fac tors  may be as high as 20 and as low 88 3 o r  less; 

fo r  cracks, the theore t ica l  fac tors  are indef in i te ly  large. Since cracks 

consti tute t h e  main problem encountered i n  ac tua l  s t ructures ,  there  appears 

t o  be l i t t l e  jus t i f ica t ion  for  employing machined notches t o  simulate cracks 

other than t h e  fact that machine shops me not commonly equipped with fat igue 

machines. 

machine, and there i s  an increasing tendency t o  use specimens with cracks 

This s i tua t ion  can be remedied by procuring a simple type of fa t igue 
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ra ther  than with machined notches. In  the meantime, however, thousands of 

t e s t s  have been made with machined notches and consti tute the 1a.rgest sart 

of the information published at the present time. 

In  preliminary design, the engineer may thus f ind  himself frequently 

confYonted with the task of comparing results obtained with different  types 

of specimens. Such comparisons can be accomplished by notch analysis, and 

the following sections w i l l  give indicative examples. 

based on estimated properties can a l so  be used as aid i n  choosing specimen 

configuration fo r  a contemplated t e s t  ser ies  i n  a more ra t iona l  manner than 

by a sketchy experimental investigation or by arbitrary selection. 

Comparative calculations 

First Example (Effect o f  Notch Radius) 

The first example has been chosen t o  demonstrate that even a very small 

radius may not sinnilate a crack i n  a notch-sensitive material. 

a l so  shows how notch-analysis can be used t o  determine whether tests on 

specimens with cracks or  with finite-radius notches are consistentwith each 

other or  not. 

The example 

The t e s t  data were taken from reference 11. The material was H - l l  (mod. ) 

t o o l  steel; the specimens were one inch wide and had e i the r  Vee-notches or 

cracks 0.15 in.  deep on each edge. Figure 10 shows experimental values of 

the  notch-strength r a t i o  plotted aga ins t  t he  square root of the  mJ3ius. 

Inspection of the test  points shows tha t  a 4-mil radius gives a notch strength 

about 4 times larger  than a crack, and a l - m i l  radius s t i l l  gives a notch 

strength about twice as large as a crack. Thus, radii i n  t h i s  range are  
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mch too large t o  s h u l a t e  a crack. 

suggests t ha t  the machining w a s  probably out of control. 

Most conventional methods of notch-testing use only a go-no go cr i te r ion  

On the 0.6 m i l  radius, the sca t t e r  

of correlation: 

crack, o r  it is not. 

acute, and no correlation between them and the  specimens w i t h  cracks can be 

established. 

the Vee-notch e i ther  i s  suf f ic ien t ly  acute t o  simulate a 

In t h i s  case, none of the Vee-notches are  suf f ic ien t ly  

Notch analysis w a s  now applied as follows. The notch-strength r a t i o s  

f o r  the cracked specimens were averaged (point A, fig.  lo), and the r e s u l t  

w a s  used t o  compute the Neuber constant. Next, u t i l i z i n g  t h i s  value of p '  , 
notch-strength r a t io s  were computed f o r  Vee-notch specimens. 

shown, computed fo r  e = 8$ and e = l@, respectively, because the elongation 

had t o  be estimated f r o m  information given i n  reference 12, no coupon values 

being reported. Inspection of the figure shows t h a t  the test  points fo r  

Vee-notch specimens with radii of 2, 3, and 4 m i l s  agree very w e l l  with 

the cmputed curves. "his means tha t  the r e s u l t s  obtained with 2, 3 ,  and 

4 m i l  radius specimens are consistent with those obtained from the cracked 

Two curves are  

specimens. 

The notch strengths of the lail radius specimens are somewhat lower than 

predicted, while the average of the 0.6-inil radius specimens i s  very low. 

Since t h i s  group of specimens with the  smallest radius i n  addition shows 

much more sca t te r  than any other group, the  most log ica l  procedure probably 

would be t o  discard these three measurements, 
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! Second Example ( E f f e c t  of Specimen Width) 

I For the second example, three sets of t e s t s  on sheet specimens with 

cracks were chosen from reference 2 t o  cover as large a range of width as 

possible. The data p lo ts  w e  shown i n  figure 11. The specimens with w = 35 
I 
I 

inches and w = 12 inches had center cracks, while the specimens with w = 2.25 

inches had edge cracks; t h i s  difference i n  crack location has a s l igh t  e f fec t  

on the d i rec t  compazison of the stresses,  but has no e f fec t  on comparisons 

between tests and calculations. 

Comparison of the experimental stresses f o r  a given r a t i o  2a/w, say 0.3 

shows that 

( fo r  w = 2.25 in.), an increase of over 60 percent. 

f o r  the narrow specimens are above the  yield s t r e s s  

SN increases from abuut 33 ksi ( fo r  w = 35) t o  about 54 k s i  

Moreover, the s t resses  

( uty = 50 ks i ) .  

Predictions by the method of notch analysis are shown as dashed curves 

fo r  the "guided" condition (buckling prevented by guide plates)  and as full- 

~ l i n e  curves for the "unguided" condition. (For the w = 2.25 in .  specimens, 

the two conditions we considered t o  be identical .)  A l l  t e s t s  except one I 

( so l id  point)  are without guides; thus, t e s t  points should be compared w i t h  the  

a l l - l i n e  curve, excepting the so l id  point. 

material properties (uu ; e ; and E)  taken from reference 13, supplemented by 

a typica l  s t ress-s t ra in  curve needed for  tne calcuiatiuns for  the 2.2r rkxh  

The predictions were based on typ ica l  

specimens because SN here exceeds the yield s t ress .  Inspection of figure 11 

shows t h a t  the  predictions made by notch-malysis are s l igh t ly  conservative 

and qui te  consistent f o r  a l l  three widths. 

Figure 11 also shows curves f i t t e d  t o t h e  t e s t  points of each set by the 
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Kc-method of reference ll. 

a different value of Kc 

t e s t  points, indicating t h a t  the Kc-formulas do not make proper alluwance 

fo r  changing width of specimens. The value of Kc f o r  the 35-inch specimens 

is  75% larger than fo r  the 2.25-inch specimens and thus can hardly be 

considered a materials "constant". 

were made using the "plastic--zone correction"; when t h i s  correction i s  not 

used (a practice followed by some engineers), the  discrepancy is much larger.  

It may be seen that it was necessary t o  assume 

fo r  each width of specimen i n  order t o  f i t  the 

It may be noted tha t  the calculations 

EXTENSIONS OF METHOD 

Since notch analysis i s  intended t o  be used fo r  the strength analysis 

of complete structures,  extensions are necessary t o  deal with more complex 

cases than the simple sheet. 

One extension deals with a sheet containing a crack or  slot which is 

bridged by a s t i f fener .  

t h i s  case, i n  effect ,  t o  the case of a simple crack or  s l o t  of equivalent 

length. Details of the method and experimental ver i f icat ion a re  given i n  

reference 15; a summary plo t  sharing experimental points and predicted curves 

is  given i n  figure 12. 

because sk in  fatigue cracks often originate at a connection with a s t i f fener .  

A theoret ical  correction fac tor  (ref.  14) reduces 

The problem is  of considerable prac t ica l  importance, 

Another extension permits application of the method t o  a longitudinal 

crack i n  a pressure vessel  of radius R. The formula used is  

where i s  the value calculated for  the  configuration which r e su l t s  when 
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the cylinder i s  '%urolled" into a f lat  configuration a f t e r  cutting it 

longitudinally along a l i n e  diametrically opposite t o  the crack. This 

formula was  derived f r o m  t e s t s  on aluminum+dloy cylinders ( ref .  16); i t s  

appl icabi l i ty  t o  other materials has not ye t  been verified.  

an application t o  bursting t e s t s  on cracked cylinders a t  cryogenic temperature, 

with t e s t  data taken f'rom reference 17. 

figure 1 3  shows 

* 

CONCUTDING REMARKa c 

The method of notch analysis presented here has demonstrated the 

capabili ty of predicting fatigue notch factors as well as s t a t i c  strength 

notch factors, u t i l i z ing  as basis conventional tens i le  properties and a 

"Neuber constant 'I. 

For low-alloy steels ,  wrought aluminum a l l o y s  and titanium alloys, 

Neuber constants have been defined by curves and m q j  thus be regazded as 

known. 3br aluminum al loys,  it has been shown tha t  the Neuber constants 

may be used t o  compute e i the r  fatigue o r  s t a t i c  notch factors. 

Neuber constants for  l o w 4 l o y  s t ee l s  may be used only for  fatigue notch strength 

calculations, while the constants for  titanium a l loys  may be used only fo r  

s t a t i c  notch strength calculations. 

determine whether the constants for low-alloy s t ee l s  and f o r  titanium al loys 

can be used i n  the same general manner as for aluminum alloys. 

A t  present, 

Additional research is needed t o  

*In reference 16, the values of 

notch analysis; re-analysis of the t e s t s  using the present method resulted i n  

changing the empirical constant from the  value of 4.6 t o  the value of 5 given 

i n  formula (8). 

Ku were not computed by the present method of 
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For s ta inless  steels, successful applications t o  the problem of s t a t i c  

notch strength have been made, but the Neuber constants must be obtained f o r  

these materials on an individual basis. 

The method of notch analysis i s  intended chiefly fo r  use i n  fatigue design 

and i n  the strength analysis of structures containing cracks. 

increased u t i l i za t ion  of the exis t ing s tore  of information on notch strength 

and crack strength of materials, because it affords re l iab le  comparisons between 

tests made on specimens of widely different  widths and with different types of 

notches. It also aids i n  making a more ra t iona l  choice of specimens fo r  notch 

tes t ing  and w i l l  permit a great reduction i n  t h i s  type of testing. 

It permits great ly  

The scope of the method has been great ly  extended by formulas which make 

it applicable t o  cylinders and t o  s t i f fened sheet. 

One l ine  of desirable additional research has been mentioned above. 

Another one is the problem of s t a t i c  notch strength of thick sections i n  

a l l  materials. 

be developed, and correlation with transition-temperature data should be 

established to round aut the picture. 

Methods for  taking strain-rate e f f ec t s  i n to  account should 
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FIGURE TITIES 

Figure 1. - Standard types of notches used i n  notch-sensitivity tests on 

sheet materials. (Uniaxial t ens i le  loading. ) 

Figure 2. - Neuber constants. 

(a) Neuber constants for  l o w 4 l o y  s teels .  (From ref.  1) 

Use only fo r  fatigue notch factors. Note: 

(b) Neuber constants for  wrought aluminum alloys. (From ref. 2; 

T = Heat-treated; 0 = Annealed; H = Strain-hardened. ) 

Tentative Neuber constants fo r  titanium alloys. 

Note: Use only fo r  s t a t i c  notch factors. 

(c) 

Figure 3. - Flow-restraint parameters fo r  sheet-metal par t s  of aluminum or 

titanium alloys (use only when b / t  4).  

Figure 4. -Experimental and predicted notch-fatigue factors  fo r  low-alloy 

s t e e l  rotat ing beams w i t h  shoulders. (From ref .  1. ) 

Figure 5. - Experimental and predicted fa i l ing  s t resses  f o r  cracked aluminum- 

a l lay  sheet. Data f’rom reference 7. 

Figure 6. - Experimental and predicted fa i l ing  s t resses  fo r  a luminum4oy 

plate  with center cracks. (w = 7.5 in . ;  t = 0.25 in.; Prom 

ref .  2. ) 

Figure 7. -Experimental and predicted fa i l ing  stresses f o r  aluminum-alloy bar 

with center cracks. (w = 2 in.; t = 0.75 in.; f’rom ref.  2. ) 

Figure 8. - Tens i le  fit.re~;ths, elcqz.ticcs, G,E& notch-rstrengih r a t io s  of 

aluminum-dloy sheet as function of t e s t  temperature. 

curves are calculated. Specimen w 0.64 in.; 45” Vee-notch; 

a 0.1 in.; p = 0.002 i n .  Data f’rom reference 9. 

lhll- l ine 



Figure 9. - Tensile strengths, elongations, and notch-strength r a t io s  of 

titanium-dloy sheet as function of t e s t  temperature. W1-l ine 

curves are  calculated. Specimen w = 1.0 in . ;  60" Vee-notch; 

a = 0.15 in.; p = 0.0007 i n .  Data from reference 10. 

Figure 10. - Notch-strength r a t i o  of H-11 (mod. ) t oo l  s t e e l  as function of 

notch radius. Data from reference 11. 

Figure 11. -Crack strength of 202443 aluminum-alloy sheet specimens compared 

with notch-analysis predictions and Kc f i t t e d  curves. 

Figure 12. -Experimental and predicted f a i l i ng  loads on s lo t ted  sheets with 

s t i f feners  bridging s lo ts .  Data f r o m  reference 15. 

Figure 13. - Experimental and predicted bursting stresses on cracked ?014-T6 

cylinders. Test data from reference 17. 



I 
n 

I 

n A 

$1 3 .c 

+, a 
a, 

c 
0 

m 

al 
+, 

??I 73 



I I I I I I I I I I I I I I 

z - 

0 



i-i 
ai 

. .  

II 

0 

I 

z 
0 
I- 
0 z 
0 
0 
I 
0 z 
0 

- 
- 

a 

0 a -  m 

R 

1 I I I I I I I I I I I 
(D rc) e m cu 0 - 

rn 

n 
P 
v 



> 
0 
3 
a 1 

-I 

I 
U 
a 

0 cu 
FO 

0 
00 cu 

0 e cu 

0 
0 cu 

0 
(0 - 

0 cu - 

0 
a0 

0 
d 

1 I 1 1 I I I 1 I I 

- 

0 
.rl 
4J 
cd 
% 
k 
0 
k 

h 
rl 
C 
0 

8 
3 



1 
0 cu 

k 
0 

4 
cd 
k 
0 

0 

! 
K\ 

Q) 
k 



I-ZLL - 
X X X  

I 

I 1 O  

I Q 
0 
b 
ho 

rl 



I 

iz -- 
II ‘ ii 

1 

1 

3 3  
0 0  

: a3 

k 
0 

k 
0 

I 

In 



1 

1 

1 

0 
109 

0 
109 

I 

n 



1 

0 
u 

I 

v) 



(D 

b.3 
\ 
W 
cu 1 :  c\I 

1 
I I 1 I I I I I 1 

0 

(D 

3 
\ 
W cu is cu 

0 0 0 0 0 

h 
0 
rl 
r;d 
$ 2  c3 

.r4 
r l - P  

I 

t- 

f 
v) 



(D 
I- 

Tr 
0 cu 

I 

- 

x o  
“ 0  

b’ - 

0 
\ 
I 
I 

b 
I 
I 

d 
/ 

d 

rn 
I- 

Tr cu 
0 
N 

I 

0 

i 
0 0  m c u ~ o  
I I I I 

9 
\ 
\ 
\ 

4 
\ 
\ 

I 

+ jo 
d %  I 

I 

0 0’ 
N 

0 
d 

0 
(D 

0 
00 I I I I 

LL 
0 

a: 
2 
W 
I- 

I- 
in 
W 
I- 

o m  

aJ a 0  
$,.S 2 -  - 



e 
M 
I 
I 

(D 
Q) 
0 
In 

0 
/ 

/ 
I 
I 

I 

(D 

I I - 0  

O I  

w ' 
b k b  

0 
\ 
I 
I 
b 
I 
/ 

9' 
0 

0' 

E 
X 
W 

E 
Y 

0 

m z 

- 



. 
2 
rc) cu 
I 
L 

- 

/ 
/ 

/ 
4 

U 

> - 

0 -  u 
I- 

- a 
v) z 
lo 

IF! 

0 
/ 

0 

$0 0 0 
-N - 

a r - l - l  

I 
I 

P 
I 

I 

I 

(1 
4 

P 
I 
I a 

\d 
b 

I t3 gp 
0 
00 
0 
0 

0 

1 I I I I I I I I I I I  

b 
I I I I I I I 

c U O a ? t o d - N  
* o  0 -  

N 

0 



> - 
I 

Q 

> 
d= 
I 

b3 
b I 

I 2 / a / 

(D / 
I 

$0 0 0 -cu - a m  

h n 

a 
v) a 

X w 
Y 

z 

0 

I I 13 
I 

lL 
0 
c 

- I -  I 
L 

?,8 I E 
I I I I I I I I I I 

I 

0 
0 cu 

0 
(D - 0 0 cu Q) 

0 e 0 



. 

cn 
W 
I 

-I- 
-0 

11 z 
(3 

W 

io 

3 w  
n 

cu P 
0 0 

4 

rr) 



0 
1- 

I I I 0 

9 - 

3 

N 

\ 
0 

0 
n 

- - ". \ <\- - - - - 
'\\ I--- 

0 -  

3 
\ 
0 
c\l 

I I 

0 0 0 0 0 



ia $ 8  
" 5  

.rl 
k 
P 

9 In 
II 
x 

(D 

d- 

cu 1 
-0 

m 
k 
a, 

k 
k 
.rl 
+, m 

a 
5 

! 
(v 
r-i 



mi m w 
[r 
I- m 
F 
v, 
LT 
3 

I 
m 
n 
0 
0 
I 

I 

1 

I 
I 

/ 

i 
n 
w 
I- o 

N 

a 
8 

I 

M 
FI 

NASA-Langley, 1963 


