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P r o b l e m s  concerned with inc reas ing  the fatigue life and re l iabi l i ty  of machine pa r t s  involve es t ima t ing  
the s t rength  of the la t ter  under conditions r e sembl ing  as  c losely  as poss ible  those encountered in prac t ice .  
The ma jo r i t y  of vital  machine par t s  opera te  under a va r i e ty  of combinations of s ta t ic  and a l ternat ing loads, 
and this fact is inadequately allowed for in exist ing methods of s t rength calculat ion.  

An analys is  of exis t ing fa t igue-s t rength  c r i t e r i a  indicates  [1, 2] that  these  only apply to pa r t i cu la r  
cases  of loading. The fundamental poss ibi l i ty  of extending c r i t e r i a  sa t is f ied exper imenta l ly  under conditions 
of s ta t ic  loading to the case  of fatigue loading was demons t ra ted  in ~ ]. 

According to [4, 5], a c r i t e r ion  of the following fo rm (1) ag r ee s  c lose ly  with the resu l t s  of t e s t s  
c a r r i e d  out under conditions of s ta t ic  fatigue (creep or  " long- t e rm"  strength) in a complex s tate  of s t r e s s ,  
including the case  of t r ans ien t  t h e r m a l  conditions 
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Fig. 1. Fatigue s t rength  of cons t ruc -  
tion m a t e r i a l s  under a s y m m e t r i c a l  load- 
ing cycles :  1) c h r o m i u m - n i c k e l  s teel ;  
2) 40Kh steel ;  3) St. 2; 4) s teel  45; 
5) mild steel ;  6) 1Kh18N9T; 7) 30 KhGSA 
(~B =75 kg /mm2) ;  8)30KhGSA (a B = 
170' kg./mm2); 9) 22K; 10) I~I-736; 1), 
5) data of F o r r e s t  [11]; 2-4) data of, 
Kaplinskii  and Gryaznova [12]; 6)- 
10) au tho r ' s  data. 

h z = Xo~ + (1 - -  g) o,, (1) 

where ~i is the s t r e s s  intensity,  a i is the max imum (with due 
allowance for  sign) normal  s t r e s s ,  and X is  a constant  of the 
ma te r i a l .  

In the case  of s y m m e t r i c a l  and symphase  changes of 
s t r e s s ,  c r i t e r ion  (1) takes the fo rm 

Sot + (1 - -  X) az = ~ - z ,  (2)  

where ~1, ai, a re  the peak values of the m a x i m u m  normal  
s t r e s s  and s t r e s s  intensity; 

l (o_, l). 
g = ~-~ ~Z~_, -- (3) 

In order to estimate the reliability of condition (2), we 
used the results of Gaf and Poledra [6], obtained when testing 
th ree  types  of cas t  i ron subject  to s imultaneous a l te rnat ing  
to rs ion  and bending. We found ~] that Eq. (2) and the condi-  
t ionof  D. I. Goi ' tsev,  which p rac t i ca l ly  coincided with each 
other,  agreed  be t te r  with exper imenta l  data. 

An analys is  of fa t igue-s t rength  c r i t e r i a  for  a s y m m e t r i c a l  
loading cycles  showed that  mos t  of these  were  based  on s t rength  
c r i t e r i a  applicable to stat ic loading (the g rea t e s t  normal  and 
tangential  s t r e s s e s ,  the potential  energy  of deformation,  the 
C o u l o m b - M o o r e  principle ,  e t c . ) .  Another group of c r i t e r i a  
to some extent re f lec ted  the cha r ac t e r i s t i c s  of a l te rna t ing  
loads (the re la t ionships  of Kinososhvil[,  Birger,Oding,Heywood,  
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Fig. 2. Diagrams of limiting s t r e s ses  
according to the Heywood condition 
(continuous lines) and condition (5) 
(broken lines) 1) A =1.5; 2) A =2.0; 
3)A =3.0, A =1 (line of static rup- 
ture).  
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Fig. 3. Diagrams of limiting s t r e s ses .  
I), II), IH), IV) resu l t s  of Maria, Oding, 
Birger ,  and Zoderberg  respect ively;  
V) line of static rupture.  

where A = 1/A 0 = ~B/~_I, 

Sains, Kaplinskii, and others).  The advantage of these over 
the f i rs t  group lie in their  more  complete use of the se rv ice -  
ability of the mater ia l ;  however, the use of some of these 
c r i t e r i a  requi res  a knowledge of additional constants of the 
mater ia l  not always at the disposal of the engineer.  

Figure 1 i l lus t ra tes  the resul ts  of fatigue tes ts  on a 
number of construct ion mater ia ls  using a symmet r i ca l  loading 
cycles .  For  the sake of comparison,  theoret ical  curves  are  
a lso shown, based on the relat ionships of Goodman (V), Gerber 
(1I), Marin g), B i rge r  (III), Smith (VI), and Kapiinskii (IV) in 
relative coordinates av/a_ 1, am/aB.  We see from Fig. 1 that 
none of the c r i t e r i a  considered sa t i s fac tor i ly  descr ibes  the be- 
havior of all the ma te r i a l s*  

The major i ty  of the experimental  points lie between the 
parabola of Gerber and the Goodman line; hence the tatter may 
be recommended for calculations in cases  in which no additional 
data regarding  the strength in an a symmet r i ca l  cycle are  avail-  
able. At the same t ime, for mater ia l s  not very  sensit ive to the 
a s y m m e t r y  of the cycle,  this leads to a reduction in the use of 
their  c a r ry ing  capacity.  

The behavior of cer ta in  mater ia ls  in a symmet r i ca l  cycles  
is ex t remely  complicated: none of the existing fat igue-strength 
c r i te r ia  can descr ibe,  for example, the behavior  of s teels  (1), 
(3), and (5) (see Fig. 1). 

Correlat ion of a great  deal of exper imental  mater ia l  [8] 
showed that, if the surface of the metal  were free f rom scratches  
and residual s t r e s ses ,  the fatigue strength in an a symmet r i ca l  
cycle could be descr ibed to a fair  a c c u r a c y  by the equation 

o-~ = 1 - - ~ -  |Ao-~-~(I--Ao)], (4) 

where A 0 =~_t/~B is the fatigue coefficient, and T is a 
function of the mean s t r e s s  and tensile strength.  For  smooth 
steel samples  

Equation (4) agrees  c losely  with experimental  data [8]; 
however, its general izat ion to the ease of multiaxia[ loading 
is difficult in view of the complexity of the s t ruc ture .  Hence 
in o rder  to determine the limiting s t r e s s e s  in the case of an 
a symmet r i ca l  cycle the following s impler  equation may be 
proposed 

oo A ~ +  = 1, (5) 
\ a ,  ] 

is a cer ta in  coefficient in general  depending on the state of the surface and the 
sensi t ivi ty of the metal  to s t r e ss  concentrat ions;  to a f i rs t  approximation we may take a = 1. 

The resul ts  of a calculation based on this equation (with ~ = 1) are  presented in Fig. 2 in the form of 
a d iagram of limiting s t r e s se s  for three values of A. Diagrams based on Eq. (4) for the same conditions 
are  also shown. 

* The relat ionships proposed by other authors cannot be plotted on a single graph in these coordinates for 
all mater ia ls ,  as they involve additional mater ia l  constants.  
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Fig. 4. Diagrams of limiting s t r e s se s  
for 1Khl8N9T steel; 1) for uniaxia[ 
elongation (bending with rotation plus 
elongation); 2) for a complex state of 
s t r e s s  (bending with rotation plus in- 
ternal  pressure) .  
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Diagrams of limiting s t r e s ses  : 
1) 30KhGSA; 2) steel 45. 

For  comparison,  other ear t ie r~proposed  approxima-  
tions for diagrams of limiting s t r e s s e s  with A = 2 (broken 
lines) and A = 1.5 (continuous lines) a re  shown in Fig. 3. 
F rom Fig. 3 it can be seen that, for la rge  values of the mean 
s t r e s ses ,  and also for limited fatigue lives, in the case of 
a- t  ~ ~B, the curves  describing the strength conditions of 
Oding, Birger ,  and Marin pass outside the region limited by 
the s t ra ight  line 

O n 

i. e . ,  ~max = ~v + ~m exceeds the static tensile strength,  
which is unrealist ic  for ordinary conditions of testing. Hence 
in using any cr i ter ion it is important  to delineate its range 
of applicability. 

Generalizing Eq. (5) to the case of a complex s t r e s sed  
state, we may write 

A"+n + ( " + I  + 
o. \ %  ) = 1, (6) 

where h~v is the equivalent amplitude of the s t r e sses ,  hhh t 
is the equivalent mean s t r e s s .  

If we base our s t r e ss  determination on the s t ructure  of 
c r i te r ion  (1) we obtain 

(7) 
h~, = X+a,~ + (1 - -  x") %,,, 

where by analogy with (3) 

X'----- }r~\~_-L-~I ( a - ' - - l ) ;  X " = ~ ( - ~ - !  an l) .  (8) 

It was mentioned in ~ ] that • ' ~ ,y" ~ • and, depending 
on the par t icular  mechanical  charac ter is t ics  available (T_t, 
~-t or  T B' ~B) ei ther  of the expressions (8) may be used to 
determine the pa ramete r  X. 

A calculation based on cr i ter ion (6) gives excellent ag ree -  
s e n t  for  ductile mater ia l s .  Figure 4 shows the theoretical  curve  
(continuous line) based on cr i ter ion (6) and the experimental points 
obtained for 1Khl8N9T steel. The tests were car r ied  out on thin- 
walled tubular samples with a combination of alternating bending 
s t r e s s e s  and steady tensile s t r e s ses  of the uniaxial and biaxial 
type. The method of conducting the tests and the experimental 
apparatus were described in [9]. 

T h e t e s t s  ca r r i ed  out in this apparatus revealed the great  sensit ivity of certain mater ia ls  (30KhGSA, 
F+I-435, EI-736) to biaxial strain,  par t icular ly  for comparat ively  small  values of the tensile s t r e s se s .  
None of the c r i t e r i a  considered predicts  such a substantial reduction in fatigue strength for biaxial elon- 
gation. 

Of the existing cr i te r ia ,  that of Bi rger  agrees  mos t  c losely with experimental  data. 

If we base our considerat ion on the s t ructure  of c r i te r ion  (6), this cr i ter ion gives an excellent  descr ip-  
tion of the behavior of 30KhGSA steel in the case of biaxia[ s t rain for 

A -t- 1 ( hr~,\r 1 
(91 
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Fig. 6. Fatigue strength of construct ion 
mater ia ls  for a complex state of s t r ess ;  
1) 1Khl8N9T; 2) 30KhGSA (crD =75 kg /mm 2) 
3) 30KhGSA (or = 170 kg/mm~] ; 4) steel 
45; 5) EI-268; ~ 6) I~I-736; 7) EI-435; 8) 1~I- 
961; 9) 22K. 

Figure  5 shows t he theo re t i c a l cu rve  (continuous 
line) in coordinates  of h z v / c B ,  h z m / a  B based onEqs .  (6) 
and (9), together  with experimental  data obtained by the 
authors for 30KhGSA steel (CB = 75 kg /mm 2) and steel 45. 

In order  to const ruct  the theoret ical  curves  (for 
the case of complex s t r ess  here considered) by r e fe rence  
to the various c r i te r ia  and to super impose experimental  
points on these, we must  take general ized coordinates .  
Such coordinates are Cim/aB. For  our present  case  

Civ/a 1 = abend/~_l = av /a  1; a im/cB  = ~f3Coe/a B. 

Transforming,  for example, the c r i t e r i a  of Zeder-  
berg  and Birger ,  we have in the new coordinates:  

Z oderbe rg  

Bi rge r  

% - -  I - -  a l t o  I ~--I - % ] / . ~  ; (i0) 

•176 (11) \o_1 / 12X % ] ---- 1 2 % 

The other c r i t e r i a  may be t ransformed analogously. 

The theoret ical  curves  obtained from the relat ionships of Maria (I), Zoderberg  (II), B i rge r  (HI), and 
the proposed relationship (6) with A =2 and 3, are  presented in Fig. 6, together  with experimental  resul ts  
for the complex s t ressed  state in coordinates of a v / c r _ l ,  a im/~  B. 

The proposed relationship (6) is plotted for the cases  of A = 2 and A = 3 with ~_ l / r -1  = 1.5. It should 
be noted that the general appearance of the theoret ical  curves  plotted on the basis  of (6), with ~ determined 
from (9), corresponds  to the general appearance of the experimental  curves  presented by Heywood [8] for 
samples containing s t r ess  r a i se r s .  

C ONC L U S I O N S  

1. We have analyzed existing c r i te r ia  relat ing to fatigue strength for a symmet r i ca l  [oadin$ cycles  
under conditions of uniaxial and biaxial s train.  We have shown that at present  there are  no c r i t e r i a  real ly  
suitable for descr ibing the behavior  of all mater ia ls .  

2. We have proposed a fat igue-strength cr i te r ion  which gives an excellent descript ion of the behavior 
of ductile steels for a symmet r i ca l  loading cycles  under conditions of uniaxial and biaxial s train.  

3. We have shown that the proposed cr i te r ion  may be modified to descr ibe  the behavior of mater ia ls  
sensitive to biaxial strain.  
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