
AHSTKACT .This paper  describes a method of presentation 
of fatigue da ta  on three commonly ~ ~ s e d  aircraft  materials, 
2024 '1'3 and  7075-'l'fi aluminurn ~ ~ l l o y s  and  normalized 
S;2E -ll:IO steel, suc.11 th;i t  variations in f'atiguc: s t rength  
with siress-conc.enl~.niir)n factor can he shown. ( :on -  
j):irisons of the fatigue sLrengt1-i~ o f  2024-'I':I anti 7075-'I'6 
aluininiim are  made  for the most useful range of stresx- 
~:oncentra  Lion factors. 

Static-strength results of not.clied and unnotcheci 
specimens of the three materials are  presented to show 
how the s t rength  varies wi th  some parameters of the  
stress concentration. Comparison of lhe d a t a  wi th  one 
theory for the s t rength  of cracked specimens was made. 

Fatigue and Static Strength of Notched and 

Unnotched Aluminum-alloy and Steel Specimens 

Principal object ive of paper  is t o  present data on 
some  common ly  used  aircraft  mater ials in  a fo rm so t ha t  
var iat ions in t h e  fa t igue s t rength wi th  elastic 
stress-concentrat ion factor  can be shown 

by Richard E. Whaley 

variations in  the fatig~le strength witii elastic. stress- 
concentration factor can be sllown. 

I t  is generally assumed that  thr static strength of 
rmterinls is litti? affected by stress conce~i t r~~t ions  
such as ~ ~ o t c l ~ e s ,  holes and illlets Anatller objective 
of this pa1)er is to s l ~ o w  the reL~tionship of the static 
strength with some patnmeters of the s t r t  'bb .- COIIC~II- 
trations 

Description of Specimens 

Symbols 
Neuber rnateriai constant ,  in.  
fatig~ie-strength-reduction factor 
Neuber "practical" stress-concentration factor 
ehs t i c  stress-coricenlratio~i Factor 
theore tical stress-concen tration factor for ul t i  
ma te  tensile s t r eng th  
notch-root radius,  in .  
niaxirnurn load divided by initial net, sect,ional 
area,  ksi 
ult imate tensile s t r eng th  of unnotched specimen, 
ksi 
ult imate tensile s t r eng th  of notched specimens, 
ksi 
S,,/S,, = notch s t r eng th  ralio 
notch sensitivity 
relative stress gradient,  in: 1 

Introduction 

When aircraft structures are designed, or when 
fatigue failures occur, comparisoris are usually made 
with data from simple specime~ls. I t  is often diffi- 
cult to compare the  data ,  because comprehensive 
data on simple specirnens is not usually found for the 
elastic stress-concentration factor desired. One of 
the objectives of this paper is to prcsent data on some 
commonly used aircraft materials in a form so that  

The specimens used to obtain the notch tensile- 
strength results are shown in Figs. 1 and 2. Speci- 
inells were  designed to obtaln the widest range of 
notch-root radii that  was practical for each value of 
stress-concentration factor. The spechimens were all 
nlacilir~cd from the snrnc sheet of 0.091-in. thick 
2024-T3 alumirlum alloy. The static-strength prop- 
erties are given inTable 1. 

Fig, 1-Configuration of sheet  specimens 
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Fig. 3-Stress variation wi th stress-concentration 
factor for  constant  mean-stress curves 

The  s1)ecimens and material for most reference test 
results are described in Refs. 1 to 4. All s1)ecimens 
were of sheet material which was 0.091-in. t11ic.k for 
the aluminum s1)erime11s a n d  0.075-in. thick for the 
steel specimens. All material for the  fatigue test 

TABLE 1-STATIC TENSILE-STRENGTH PROPERTIES OF 
2024-T3 ALUMINUM-ALLOY SHEET SPECIMENS 

Yield strength Ult imate 
Type of Elongation for 0.2% strength, 

speclmen in 2 in., % offset, psi psi* 

Unnotched 17.5 57,000 72,500 

Notched ( K t  = 2.0) 

r = 1.000 ... . . .  69,300 
... r = 0.100 . . .  73,300 

Notched ( K t  = 8.0) 

r = 0.050 ... . . .  59,800 
r = 0.001 . . .  . . .  66,500 

*Average results of three specimens. 

results was selected from the  same lot. Notched 
fatigue-test specimens had a net  width of 1.5 in. 

Procedure 
T h e  fatigue tests, a s  described in Refs. 1 to  4, 

were conducted on Krouse direct repeated-stress 
machines. Procedures and tecllniques were gener- 
ally the  same for all tests reported. All stress values 
indicated are nominal net  area stresses. 

Results Discussion 

Fntigue Test 

T h e  fatigue-strength information given in Refs. 
1 t o  4 is presented in Fig. 3 a s  maximum stress vs 
elastic stress-concentratioll factor for values of con- 
s t an t  meall stress and constant lifetime. The da ta  is 
p e s e m e d  iilc tluee ~uniei;als  (2024-T2 a i d  7075- 
TG nlurnjnum alloy arid normalized SAE 4130 steel) 
for u~rnotched sl)ecirnens and spe~ imens  with edge- 
cut  notcslles \vith constant over-all and net widths. 
'The only geo~netrical ari,iblr., t hwefo~e ,  was the  
~mtch-root  radius, I.. 

Examination of Pig. 3 reveals some interesting 
pl~enomena. The da ta  1)oints for ummtched spcci- 
mens ( K ,  = 1 P agree very well with the  curves for the  
notched specimens extrapolated down to  I<, = 1. 
Figure 3 shows tha t  for the  aluminum alloys with 
K ,  greater than 4.0, there is not  much cliange in the  
fatigue strength. For  normalized SL4E 4130 steel 
there is a continuing strength reduction up to a value 
of a t  least 5.0. 

T h e  largest change in fatigue strength, and thus  the 
most critical fatigue-strength reduction for all ma- 
terials tested, is in the  very low values of K,. This 
critical fatigue-strength reduction is sliown by the 
steeper slopes of the curves of Fig. 3 a t  the  low values 
of I<,. 

T h e  curves in Fig. 3 can be used for a comparison 
hetween the  fatigue strength of 2024-7'3 and 7075- 
TG aluminum alloys. Tyl)ical curves have been 
reproduced in Fig. 4 a t  high and low mean stresses 
and high and low lifetimes. T h e  curves indicate 
t h a t  t h e  fatigue strengths of the  two m:lterials are 
very much alike, with 2024-T3 aluminum alloy being 
slightly better for t l ~ e  higher values of K ,  for both 
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Fig. 4-Comparison of fatigue life of 2024-T3 a n d  
7075-T6 aluminum alloys 

mean stresses and lifetitnes. At fairly low values of 
K,, the  curves cross and diverge as K,  approaches 
unity. This higher fatigue strength of 7075-T6 
aluminum alloy for both n ~ e m  stresses and ldetimcs 
might be expected because of the  higher ultinlate 
strength of 7075-T6 aluminum alloy over tha t  of 
2024-T3 aluminum alloy. The hiqher notch sensi- 
tivity of 7075-1'6 aluminum alloy, however, lowers 
the  fatigue strength to a value similar to  tha t  of 
2024-T3 aluminum alloy a t  fairly low values of K,.  
T h e  largest differcmces in strength are so small t ha t  
exceptions in these trends can be found. For ex- 
ample, Ref. 5 shows that  the endurance limit of 
2024-T3 aluminum alloy 1s slightly higher than tha t  
of 7075-T6 alumi~lurn alloy for unnotched material. 

Reference 6 shows a variation in the  fatigue 
strength for different notch-root radii at  the  same 
values of K, .  The  fatigue-strength-reductio~l factor, 
Kl,  is a good representative of the  fatigue strength of 
notched specimens and is defined as follows: 

= 
M a x ~ r n u m  stress for unnolched 5pecimrns 

Nominal maxlmum strcis for notched spccl- (1) 

men. at the same load ratio and lifetime 

Reference 6 slmws tha t  for each value of K,,  A', 
(and therefore the  inverse of the fatigue s t n n g t h  J 

increases with increasing notch-root radius of' a n  
edge notc.11 For certain material c onstants, K I  is 
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Fig. 5-Stress-concentration factors for edge notches 

shown to he very nearly iclentictil t o  rhe "l~ractic;~l" 
stress-concent,ration factor, I<,,, developed by Neuber 
in Ref. 7. The  expression for this  factor, for notches 
wil.h zero flank angle, in terms of the  ideal factor K,,  
notch-root radius r, and parameter A is as follows: 

I t  is shown in Ref. 6 tha t  in order Lo have I:,, very 
nearly identical t o  Kf, the  values of the  parameter A 
are 0.02 in. for the aluminum alloys and 0.0027 in. 
f'or normalized SAE 4130 &eel. T i1  Ref. 8 ,  slightly 
different results were obtained by ~ l s i ~ i g  notch ,semi- 
tivity which was defined as: 

Many  fatigue-test results for zero mean stress were 
used in Ref. 8 for several different notch forms. T h e  
resulting value of notch sensitivity was: 

The  combination of eq ( 3 )  and (4 )  results in an  
equation slightly different from eq (2) :  

I<, - 1 
K ,  = I ' 1 + iA,'r) 

' r,) 

T h e  values of A in Ref. 8 are 0.05 in. for 2024-7'3 
aluminum-alloy sheet, 0 02 in. for 7075-T6 aluminum- 
alloy sheet, and 0.0055 in. for steel with an ultimate 
te~lsile strength equal to  tha t  of' normalized SAE 
4130 steel. T h e  test results of Ref'. 6 fall in with the  
scatt,er of the  data  of Ref 8, so i t  apl)enrs reasonable 
to use eq ( 5 )  rather tha11 eq ( 2 )  f'or the  case of zero 
mean stress. 

A(.c.ept,mce of' eq (5)  does not rule out  the  use of 
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eq ( 2 ) .  T h e  difrerences between the  two equations 
are small considering the  scatter in fatigue data. 
The difrerences are sllown in Pig. 5, where K I  a71d 
K,, are  lotted against K ,  for the edge-notched 
sj~ecimens of Itefs. 1 to 4 .  T11c tturves s l~own are for 
s1)ecimens with (*onstant o v ~ r - a l l  and net widtlis. 
The use of cq 15) with constant-width s1)ecimr.n~ 
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Fig. 8-Notch- tensi le-st rength vs. no tch - roo t  radius for  
al l  va lues o f  elastic s t less-concentrat ion factors 

results in a l)~:lIi ia  I<, a t  some value of K ,  k~c~lii~-ii! 

which K ,  decreases. This peak is shown in t,he curve 
for 2024-'I'3 aluminum alloy. The peaks for 7075- 
T6 aluminulil alloy and for the  steel occur a t  higher 
values of I<, than S~IO\VII  in Fig. 5. Figure 5 indicates 
tha t ,  for 2024-T3 alumjnurn alloy, eq ( 2 )  \$rould pre- 
dict a decrease in fatigue strength and eq ( 5 )  would 
predict an  increase in fatigue strength for the range 
of X I  greater than 5.0. Figure 3 sllo\vs iha i  i.11e 
fatigue st,rengths of both aluminum allo~rs tend to 
become constant for the range of I<, greater than 5.0. 
I t  thus  np1)enrs that  for the two a l u ~ n i l ~ u m  alloys the 
Ii', = 5.0 f : ~ i i g ~ , c  i!:ita call he used wit11 little error for 
K, values greater than 5.0. 7'11is conclusion is valid 
when the  only geornet,rical v a r i ~ ~ b l e  is the notch-root 
radius, r. 

I n  order to estimate the fatigue strength of notched 
material, Kl has to be clearly defined. Besides eq 
(I), K ,  can he defined in several ways such as: 

M a x r r n u m  itres5 for unnot thed ipeclmens 
K ,  = '6) 

N o r n ~ n a l r n a x ~ ~ n u m  st1 ess for unnotc hed ipeci- 
mens  a t  the  same mean  s t r e i i  a n d  llfetinle 

specimens a t  t he  same mean stress and 
lif'et,ime 

Reference 9 shows liow K, t a n  vary over a large 
range, depending on eqs i l ) ,  16) or 1 7 ) .  For most 
small-sl~ecimen tests, such :IS rotsting-beam tests, 
t he  mean stress is zero and Kl for eqs (1 J ,  16) and ( 7 )  
are  identical. I n  Ref. P, only the case of zero mean 
stress was considered in estahlis11Ing eq (4 ) .  I n  
Ref. 6 several mean stresses were consitlered but Iil 
was defined as  eq (1 J .  

Urn1otc.hed-sj)e(~ime11 data ,  along with either eq 
( 2 )  or eq (51, c.ou!d IF used to estimate the fatigue 
strength of notched material, hut  ta re  would ]lave 
to be exerc ised in the use of tlic 1)roper K, def nit ion 



Fig. 9-Effect o f  relative stress g rad ien t  o n  
the  notch  s t reng th  

Static Test 

The  results of static-strength tests  given in 
Table 1, and results from Refs. 1 to 6, 10 and 11, are 
plotted in Fig. 6 for 2024-T3 and 7075-T6 aluminum 
alloys and normalized SAE 4130 steel. T h e  data  is 
presented in the  form of notch-tensile strength vs. 
K,. Most plotted points are the  averages of several 
specimens. For the data  from which no values 
of K ,  were given, K, was obtained by  use of Ref. 
12. There is a n o t c h - s t r e n g t h e ~ ~ i ~ ~ g  effect for all 
three niaterjnls a t  low vniues of K,. T h e  curves in 
Fig. 6 are similar in form to the  curves shown in 
Ref. 13. The  curves in Ref. 13  were for a much 
higher ultimate strength and thrrefore less-ductile 
material than the  rnaterisl used to  obtain Fig. 6. 
In Ref. 13, it was observed tha t  for relatively ductile 
steel the curves would not  show a decrease in strength 
in the r m g e  of K ,  = 2 to K ,  = 13. Figure 6, 
however, shows that  for the  aluminum alloys the 
strength decreases below the  strength of unnotched 
material a t  s value of K, less than 5.0. 

The notch strength of specimens with fillet notches 
and central circular holes is less than  the  notch 
strength of specimens with edge notches for the 
same values of K,. T h e  scatter and  low range of 
K t  values, however, make i t  difficult t o  determine 
the  trends for these other notch forms. 

The notch-strength da ta  for K ,  = 2.0, 4.0 and 
8.0 includes data for edge-notched specimens in 
which the  notch-root radius was v a ~ i e d  with con- 
s tant  K, .  The  difrerent notch-root radii data 
is replotted in Fig. 7 a s  notch strength vs. notch- 
root radii. These curves show tha t  for the  data 
a t  K l  = 4 there is a relationshilt of increasing 
strength with increasing notcbh-root radii for all 

three materials. T h e  da ta  a t  K t  = 2 m i l  K t  = 8, 
which was obtained only for 2024-T3 aluminum 
alloy, shows a slight trend in the  opposite direction. 
The  reason for this  difference has not  been deter- 
mined but i t  should he noted tha t  the  slopes for 
I < ,  = 2 and K t  = 8 are small. All of t h e  data  for 
edge-notched specimrns is replotted in Fig. 8 
in the  same manner a s  plotted in Fig. 7. For each 
of the  three rnaieri:lls, a single curve is tirnwn 
because of the  differences in slope and t h e  low slopes 
of the  indivdual K t  curves of Fig. 7. A st:iti$tical 
treatment of t h e  curves for 2024-T3 aluminum 
alloy, however, indicates t h a t  more scatter exists 
in the  notcll-root radii curve of Fig. 8 than in the  
K t  curve of Fig. 6. T h e  notch strength of ductile 
material thus  appears to  be more a function of 
K ,  t h sn  the  not ch-root radius. 

In Ref. 13 the  notch strength is shown to be a 
function of severaI parameters (such as  notch depth, 
specimen width and stress gradient). The  dominant 
fafactor. i t  was pointed out,  is t he  relative stress 
gradient which was derived: 

2K 
i = -- ( 8 )  

The nordl >+1*c;-~i h fol- n i c l a l  i vc-!y britt le alloy 
was shown to  decrease ~ i t h  decreasing relative 
stress gradient for constant values of K,. This 
(leerease is, in ef'fect, a function of the  notc.h-root 
radius since K t  remained constant. 

T h e  data  from Fig. 8 was replotted in Fig. 9, 
as a function of the  relative stress gradient along 
with the  curves from Ref. 13  for a brittle titanium 
alloy. Here, again, if curves were dralrn through 
the  data for individual K ,  values, there would be 
differences in slope between the data  for K, = 4 
and the  data  for K, = 2 and K ,  = 8. More im- 
portant however, the  slopes for all diree ductile 
materials would be m1lth less than the  slopes for 
the brittle alloy. I t  thus  appears i l lat  the notcli 
strength of ductile msterial, :is compared to a 
brittle material, is afrected only slightly by the  
relative stress gradient for individual values of 
K,. For this reasm,  a single curve IS drawn 
tiirougli t h e  da ta  regardless of the  v-ilues of K,. 
A stat ist icd treatment of the curves for 2024-T3 
aluminum alloy, however, indicates tha t  more 
scattcr exists in the  relative stress gr'idient curve 
of Fig. 9 than in the  K ,  curve of Fig. 6. The  notch 
strength of ductile material thus appears to be more 
a function of K ,  than any other parameter of the  
110f ~11. 

The  theory presented in Ref. 11 for the st'ltic 
strength of cracked sl)ec.imens was cxtcnded to the  
static strength of uncrnc~lied s1)ecimens and IS shown 
in Fig. 10. T h e  static--strength det,a 1121s been 
calculated in terms of the  rec.ij)roc.al of the  notcli- 
strength ratio for coml~arison with the  theory. 
T h e  theoretical K,, was obtained from the  N e u l ~ r  
formul I, eq ( 2 ) ,  and curvcs of I<,, vs I<,, in Ref. 11, 
with the :~l)l)ropriate materi:d cwns t~~n t s  for static- 
strcngth results also from Ilef. 1 1 .  'I'llere is poor 



agreement between the data  and the  theory. One 
reason for poor agreement between theory and 
experimental da ta  is due to  the  difference in the 
radius r. In  the  crached-s1)ecimen case, r is a 
constant of small magnitrtde and, in the  ~uicraclced 
specimen case, r is a relatively large variable. The 
theory does not consider tllanges in strength due 
to notch-root radius even though the  effect is smdl .  
Probably the  predominant reason for poor agree- 
ment is due to the  iiotcl-i-slrengtliening ef-fect \vhich 
notched specimens exhibit a t  low values of Kt.  
The K t  values for cracked specimens, on the otller 
hand, are Inrge enougli to preclude any such strength- 
ening. The  theory, therefore, does not consider 
notch strengthening. I t  t11s appears t h t  the  
static strength of notched uncraclted specimens is a 
special c lse  tha t  requires a set of I<, vs. I<,, curves, 
including the  efyects of notch strengthening, before 
the Neuber theory can be alq~lied. 

Conclusions 

Fatigue and static-strength d'ita from several 
sources was plotted in a manner so tha t  the follow- 
ing conclusions \4 ere r exhed :  

((I) Tlie fatigue strengths of notched q m k n e n s  
of 2024-'r3 and 7075T6 alurninurn alloys and 
normalized SAE 4130 steel exhibit a f ~ ~ n c t i o n  of 
increasin~r strength wit!; decreasing K, to a value of 
unity. The  unnotclied-sj1eci1ne11 data  agrees wltb 
this function a t  a value of unity. 

( 6 )  There is little cllange in fqtigue strength for 
specimens with I<, values gre~lrer than 4.0 for 
2024-T3 and 7075-T6 aluminum alloys. There 
is a continuing strength reduction in normalized 
SAE 4130 steel up to a I<, value of a t  least 5 0. 
The largest change in fatigue strengtli, and thus 
the most critical fatigue-strengrh reduction. is in ihe 
lower values of K ,  for 2024-T3 and 7675-T6 alu- 
minum alloys and normalized SAE 4130 steel 

( c )  A comparison of the fatigue lives of 2024-T3 
and 7075-TG aluminum alloys shows that ,  a t  low 
values of I<,, 7075-T6 aluminum alloy has a higher 
fatigue strength than 2024-T3 aluminum alloy. 
The higher notch sensitivity of 7075-TG aluminurn 
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NOTCH ROOT RADIUS r IN 

Fig. 10-Comparison of no tch  st rength w ~ t h  theory 
based  o n  c racked  spec imens  

d loy  a t  i , l ~  low values of I<,  lowers its fatigue 
strength to tha t  of 2024-T3 aluminum alloy. T h e  
fatigue strengths of 2024-T3 and 7075-TG ;i luminun~ 
alloys are  very similar for most of the mnge of I<,, 
with 2024-7'3 aluminurn alloy sliglitly better. 

( d )  Tlie fatigue strength for any edge notch can be 
c:ilculated from unnotclied sl~ecimen d:-lta on t h e  
basis of cert3in material constants and c c r t i n  
definitions of the  fi3tigue-strength-reductioll factor. 

( e )  'I'lie static strengtlis of notched specimens of 
2024-T3 a11d 7075-T6 aluminum alloys m d  normal- 
ized SAE 4130 steel exhibit a notc11-strengtllening 
effect a t  low values of stress concentration. A t  
higher stress concentration, the  strength deerexes  
with increasing stress-concentration factor. 

(f) Specimei~s with edge notches show higher 
static strengths t h m  specimens with either a fillet 
notch or a central circul.1r hole for the swne value 
of I<,. 
(g) T h e  strength of uncracked 2024-'r3 and 

7075-7'6 aluininuin alloy and i iormali~ed SAP! 
4130 steel specimens with edge notches is more a 
function of the  elastic stress-concentration factor 
than any other parameter of the  notch. T h e  
notch strenzth of ductile mat.eria1 is less od'wteci  - 
by the  relative stress grxlient  than brittle material. 

(h) '4 theory for the strength of cracked specinmls 
based on the  Neuber theory would require the effects 
of notch strengtliening before i t  could be extended 
to t l ~ e  strength of llotched uncracked specimens. 
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