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MiLJLTIAXIAL LOW-CYCLE FATI(;UE OF TYPE 304 STAINLESS STEEL 

J .  J. B l a s s  
Oak Ridge Nat ional  Laboratory 

S .  Y. Zamrik 
T h e  Pennsylvania S t a t e  Un ive r s i ty  

AB s T RACT 

Tubular specimens of t ype  304 s t a i n l e s s  steel w e r e  
sub jec t ed  t o  simultaneous push-pull and a l t e r n a t i n g  twist 
at room temperature,  538°C (lOOOoP), and 649°C (P2UOOF). 
S i x  r a t i o s  of shea r  s t r a i n  t o  a x i a l  s t r a i n  were empioyed. 
Tests wi th  a s t e p  change i n  s t r a i n  range were performed, 
as well as cons t an t  s t r a i n  range tests. I n  t h e  s t e p  
tests, high-low and low-high sequences of s t r a i n i n g  and 
several r a t i o s  of a p p l i e d  c y c l e s  t o  es t imated c y c l e s  t o  
f a i l u r e  w e r e  employed. Data c o r r e l a t i o n s  based on t h e  
method of least squa res  were developed t o  a i d  i n  the  
i n t e r p r e t a t i o n  of t r ends .  The r e s u l t s  i n d i c a t e  t h a t  a 
f a i l u r e  c r i t e r i o n  based on t h e  shea r  and normal s t r a i n s  on 
the  plane of maxfmum shear s t r a i n  would be more e f f e c t i v e  
than  those based on equ iva len t  s t r a i n  and o t h e r  t r a d i -  
t i o n a l  measures. The r e s u l t s  a l s o  i n d i c a t e  t h a t  mult i -  
a x i a l  loading is no t  s i g n i f i c a n t l y  d i f f e r e n t  from u n i a x i a l  
loading wi th  regard t o  the e f f e c t i v e n e s s  of a l inear  
cumulative damage law.  

INTRODUCTION 

Examples of c u r r e n t  s t r u c t u r a l  des ign  methods may be found i n  Case 

1592-7 of t h e  ASME B o i l e r  and P res su re  Vessel Code’ which con ta ins  r u l e s  

f o r  e l e v a t e d  temperature  design of n u c l e a r  power p l a n t  components. 

f a t i g u e ,  t h e  r u l e s  are based on a de f in i t - ion  oE e q u i v a l e n t  s t r a i n  ranges 

a l i n e a r  cumulative damage l a w ,  and curves OK t a b u l a r  d a r a  r e l a t i n g  

t o t a l  s t r a i n  range t o  design al lowable cyc le s .  This r e p o r t  examines 

these methods i n  l i g h t  of a l imf ted  amount of test  d a t a 2  f o r  type 304 

s t a i n l e s s  steel a t  room and e l eva ted  temperatures .  

obtained f r o m  completely reversed combined ex tens ion  and t w i s t  experi-  

ments on tubular specimens w i t h  the r a t i o  of t w i s t  t o  ex tens ion  he ld  

For 

The d a t a  were 
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coilstant i n  each experiment. 'lke experiments were conducted i n  the 

secorld a u t h o r ' s  l a b o r a t o r y  at. Pennsylvania S t a t e  Un ive r s i ty  as a p a r t  of 

Oak Ridge Nat ional  Laboratory's  High-Temperature S t r u c t u r a l  Des ign  

Program. 

SPECIMENS, MATERIAL, AND TEST METHODS 

The tubu la r  t es t  specimens,2 which had a wall thickness  of 1 .5  mm 

(0.060 i n . ) ,  an o u t s i d e  diameter t o  wa1.l t h i ckness  r a t i o  of about 8,  and 

an  e f f e c t i v e  gage length  of about: 28 mm (1.1. i n . ) ,  w e r e  made from 25 ~ U * L  

(1 in . )  h o t  r o l l e d  b a r  of the weI.1 c h a ~ a c t e r i z e d ~ ' ~  U.S. Energy Research 

and Development Adminis t ra t ion (ERDA) r e f e r e n c e  h e a t  (9T2796) of type 

304 s t a i n l e s s  'steel. They w e r e  annealed a t  1093°C (2000°F) f o r  30 mila  

i n  argon, a f t e r  machining and honing. The experiments were conducted i n  

a hor:i.zontal hydrau l i c  t e s t i n g  machine capable  of independent e l e c t r o n i c  

se rvocon t ro l  of axial fo rce  and t o r s i o n a l  moment o r  of a x i a l  and t o r -  

s i o n a l  re la t ive displacements.  

Because of t h e  d i f f i c u l t i e s  a s s o c i a t e d  with dynamic .minltiaxial 

s t r a i n  measurements a t  e l eva ted  temperature,  Lhe e l e c t r i c a l  ou tpu t s  of 

LVUT and RVDT* displacement t r ansduce r s  mounted on the machine's l i n e a r  

and r o t a r y  hydrau1i.c a c t u a t o r s  w e r e  used E o r  i n d i r e c t  c o n t r o l  of axial .  

s t r a i n  and engineer ing shea r  s t r a i n  over t h e  reduced s e c t i o n  of the  

specimen. These t-ransducers were c a l i b r a t e d  a t  room temperature under 

monotonic loading a g a i n s t  high-elongation e l e c t r i c a l  r e s i . s t ance  s t r a i n  

gage r o s e t t e s  bonded t o  the o u t s i d e  s u r f a c e  of t h e  reduced s e c t i o n  of 

t he  specimen. R e s u l t s  of several c a l i b r a t i . o n  runs  showed a high degree 

of r e p e a t a b i l i t y .  Addit ional  checks were made t o  v e r i f y  that t h e  

r e l a t i o n s h i p  between t h e  ou tpu t s  of the a c t u a t o r  mounted t r ansduce r s  and 

the motion of the specimen g r i p s  was r e l a t i v e l y  i n s e n s i t i v e  t o  a x i a l  

l oad ,  t o rque ,  and temperature.  

I n  these  experiments a coiiinion 0.42 Hz (25  cpm) s i n u s o i d a l  s i g n a l  

w a s  used as inpu t  t o  both a x i a l  and t o r s i o n a l  c o n t r o l  systems s o  t h a t  

*Linear v a r i a b l e  d i f f e r e n t i a l  t r a n s f  ocnier and r o t a r y  v a r i a b l e  
d i f f e r e n t i a l  t ransformer.  
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t h e  r a t i o ,  R, of engineer ing shea r  s t r a i n  t o  a x i a l  s t r a i n  w a s  he ld  con- 

s t a n t  i n  each test. Because of t h e  s i n u s o i d a l  wave form t h e  strain rate 

v a r i e d  cont inuously i n  each cycle .  The average equ iva len t  s t r a i n  rate, 

de f ined  as t w i c e  t he  product of equ iva len t  s t r a i n  range and frequency, 

v a r i e d  from 0,0029 t o  0.052 sec-’ (a f a c t o r  of 18) depending on s t r a in  

range. 

I n  t h e  e l eva ted  temperature tests each specimen was heated i n t e r -  

n a l l y  by means of a s i l i c o n  c a r b i d e  r e s i s t a n c e  h e a t i n g  element i n  t h e  

form of a 6 . 4  mm (0.25 i n . )  diameter rod,  1.71 mm (6.75 in . )  Long, w i th  8 

c e n t r a l  heated l e n g t h  of approximately 44 mm (1.75 in . ) .  

w a s  pos i t i oned  along t h e  a x i s  of t h e  specimen so as t o  e q u a l i z e  the 

temperatures  a t  both ends of t h e  reduced s e c t i o n  and w a s  f r e e  t o  expand 

and c o n t r a c t .  Two chromel-alumel thermocouples, s p o t  welded to t he  

o u t s i d e  s u r f a c e  of t h e  specimen, were used f o r  automatic  temperature 

c o n t r o l .  

The element 

TEST RESULTS AND CORRELATIONS 

The r e s u l t s  of 84 cons t an t  s t r a i n  range experiments a t  room tem-  

p e r a t u r e ,  538°C (1000”F), and 649°C (1200°F),  w i th  t h e  r a t i o ,  R,  of 

eng inee r ing  shear s t r a i n  t o  axial  s t ra in  equa l  t o  0, 1/2,  1, 2 ,  5, and 

m, are l i s t e d  i n  Table 1. The r e s u l t s  of 45 experiments conducted under 

a sequence of two cons t an t  s t r a i n  ranges a t  t h e  same temperatures,  and 

wl th  R = 0, 1/2, 1, and 2, are l i s t e d  i n  Table 2.  

For t he  purpose of a c c u r a t e  i n t e r p o l a t i o n  among d a t a  p o i n t s  and t o  

a i d  i n  t h e  i n t e r p r e t a t i o n  of d a t a  t r ends ,  t he  t o t a l  s t r a i n  range vs 
c y c l e s  t o  f a i l u r e  d a t a  of Table 1 w e r e  modeled by a two-term power l a w ,  

a f t e r  t h e  u n i a x i a l  obse rva t ions  of Basquin,5 C ~ € f i n , ~ ”  M..anson,B’9 and 

Morrow. For pu re  t e n s i o n ,  R = 0, t h i s  r e l a t i o n s h i p  t akes  the form L O  

where As i s  t h e  axial  s t r a i n  range. For pure t o r s i o n ,  R = a, Ar i n  
z Z 

Eq. (1.) w a s  replaced by t h e  eng inee r ing  s h e a r  s t r a i n  range,  oyez. For 

o t h e r  v a l u e s  of R,  Eq .  (I) w a s  used i n  conjunct ion wi th  by = R ACIE . 
9 Z  z 



Table 1. Constant strain range multiaxial fatigue t e s t s  of 
annealed type 304 stainless steel (heat 9T2796) 

R = A y g z / A ~ ,  

c 11 2 1 2 5 m 

( X )  Nf (Cycles) A E ~  ( X )  N f  (Cycles) AcZ ( X )  N (Cycles) A E ,  (%) N f  (Cycles) A c Z  ( X )  Nf  (Cycles) Q y e z  ( X )  N (Cycles) f f 

(Room Temperature] 

3.70 
2.80 
2.00 
i.40 
1.00 
0.90 
0.60 
0.55 

230 2.00 1,075 2.00 1,160 1.00 2,484 1.00 1,100 10.80 
703 1.00 2,780 

2,000 0.60 6,000 
3,170 0.53 11,550 0.50 6,900 2.54 
3,128 
9,765 2.16 
12,050 

i, 268 1.50 1,700 0.80 4,100 0.75 4,300 6.32 

425 

3,130 

7,715 

2,655 

j538"c (100O"F) i c 

3.00 172 1.60 680 1.20 835 Y L .  00 1,008 

0.75 2,426 0.70 2,200 0.83 1,698 0.50 3,333 

0.40 8,733 0.40 5,398 0.30 10,050 0.30 11,065 

1.50 605 1.20 1,187 1.00 955 0.63 2,425 

0.50 5,750 0.60 2,873 0.60 3,175 0.40 7,047 

0.35 12,411 

4.32 1,003 
3.63 1,438 
2.00 4,850 
1.58 7,800 
1.08 i7,600 

[649"C (1200"F)I 

2.70 75 1.20 110 0.72 130 0.75 400 3.53 2:.5 7.20 230 
3.00 145 0.90 152 0.50 693 
2.00 175 1.50 150 1.304 200 0 .63  800 0.20 6,203 4.32 585 
1.80 230 0.60 700 0.50 833 
1.10 563 3.80 164 3.70 86 5 0.10 2,612 2.16 2,060 
1.00 600 0.63 1,121 3.30 4,045 
1.00 630 0.60 1,074 0.40 2,390 0.28 7,800 1.44 5,234 
0.70 1,510 0.25 12,800 
0.50 5,552 0.50 2,482 



Table 2 .  M u l t i a x i a l  f a t i g u e  tests with a s t e p  change i n  s t r a i n  range 
annealed type 304 s t a i n l e s s  s t e e l  (hea t  9T2796) 

I [Room Temperature] 

2 
1.00 0.50 

Nf (cycles)  2659 7 4 7 1  
N f  ( cyc les )  2237 11842 

Trl na 

(cyc les )  (cyc les )  

278 12500 
556 7040 

1 1 1 2  503R 
1668 2962 
2224 760 

[538'C (lOOO°F)] 

R = by z / A " z  1 2 2 
AE- CX? 1.304 0.652 1.00 0.50 0.50 1.00 
N~~ (cyc les )  683 2404 935 3795 3795 935 
N L  (cyc les )  6 1 4  2371 1037 3295 3295 1037 f 

= I  n2 El na n l  n2 

(eyc les )  (cyc les )  (cyc les )  (cyc les )  (cyc les )  (cyc les )  

70 2195 100 2960 668 915 
210 1542 300 2100 1336 750 
280 1220 400 1730 2004 586 
4 20 650 600 970 2672 380 
630 30 7 00 525 

900 100 
I 

Ln 

1649°C (1200°F)] 

R = dy / L E z  0 1 1 2  1 2 2 

X f  (cycles)  311 1473 66.3 615 39.0 511 175 1148 1148 175  
GEZ ( X Y "  1.50 0.75 1.442 0.721 1.304 0.652 1.00 0.50 0.50 1.00 

N f  (cycles)  215 844 79.8 665 160 772 266 1235 1238 266 

11 1 n2 nl nz 
(cyc les )  (cyc les f  (cyc les )  (cyc les )  

46 682 10 590 
20 500 

1 1 2  415 40 330 
60 135 

168 110 80 20 

224 15 

nL n2 n i  n2 3 1  n2 
(cyc les )  (cyc les )  ( c y c l e s )  (cyc les )  (cyc les )  (cyc les )  

20 686 30 1385 200 250 
60 487 60 728 
100 265 120 492 400 220 
140 77 180 241 
160 30 310 110 700 144 

240 48 
2 7 0  20 so0 iao 

~~ ~ 

NOTE: This t a b l e  l i s t s  t h e  nunbbers of c y c l e s ,  n ,  and n 2 ,  f o r  which each of two values  of a x i a l  s t r a i n  range,  A c ~ ,  were a p p l i e d  
i n  combination wi th  the engineer ing shear s t r a i n  range def ined by t h e  r a t i o  R. 
of c y c l e s  t o  f a i l u r e ,  Nf, under cons tan t  s t r a i n  range condi t lons  are  shown. 
t o  the cons tan t  s t r a i n  range da ta  of T a b l e  1 and the second €yon E q .  (7 )  f i t t e d  co t h e  nz vs n l  d a t a  of  t h i s  rab le  by 
the rcethod of l e a s t  squares .  

Two values of the  corresponding nunber 
The f i rs t  was ca lcu la ted  f rom Eq .  (1) f i t t e d  



The? exponents a l  and a2 (both negat ive)  were taken t o  depend on tempera- 

t u r e ,  and the  c o e f f i c i e n t s  a3 and a4 (both p o s i t i v e )  were taken t o  

depend on temperature and the  r a t i o  R. 

The f i t t i n g  w a s  done t o  log-log coord ina te s ,  just: as such d a t a  are  

u s u a l l y  p l o t t e d ,  using a least  squares  cri1:eri.on of fit. Mathematically 

t h i s  means t h a t  t h e  v a l u e s  of t he  elements of t he  a r r a y  a = (al, ..., 
a ) were chosen t o  minimize, a t  each temperature,  the unexplained 

v a r i a t i o n  
2+2m 

where n i s  the  number of data p o i n t s ,  AE ~ vs N f o r  t h e  j - th va lue  of R 

and m is t h e  number of R va lues .  The s h o r t  computer program w r i t t e n  t o  

accomplish t h i s  f i t t i n g  process  made use of a gene ra l  purpose sub rou t ine”  

f o r  f i n d i n g  t h e  minimum of the s u m  of squares  of M f u n c t i o n s  i n  N v a r i -  

a b l e s  by means of a f i n i t e  d i f f e r e n c e  Leve~berg-Marquardtl’ a lgori thm. 

The above f i t t i n g  process  w a s  also c a r r i e d  ou t  w i th  t h e  exponents 

3 1 i’ 

al  and a2 i n  Eq. (I) taken to  be independent of temperature.  In t h i s  

ca se  each va lue  of j i n  E q .  ( 2 )  r e f e r s  t o  a p a r t i c u l a r  combination of 

temperature and R r a t i o  and rn t o  t h e  t o t a l  number of such combinations. 

The va lues  of the parameters i n  t h e  above models are given i n  Table 

3, t oge the r  w i th  va lues  of t h e  s c a t t e r  f a c t o r ,  which i s  def ined by 

S . F .  = a n t i l o g  Amin /(nd - na> , 
m 
1 n j  , t h e  t o t a l  

j =I 
where V is the minimum va lue  of V i n  Eq.  (2), nd = min 

number of d a t a  p o i n t s  used i n  t h e  f i t ,  and n = 2+2m, t h e  rnumber of 

independent parameters.  The s i g n i f i c a n c e  of t h e  above scacter f a c t o r  is 

t h a t  f o r  d a t a  wMch have a loga r i thmic  normal. d i s t r i b u t i o n ,  68% of t h e  

d a t a  can be expected t o  l i e  w i t h i n  t h i s  ( m u l t i p l i c a t i o n  o r  d i v i s i o n )  

f a c t o r  of t h e  expected va lue  of t h e  dependent v a r i a b l e  ( h e r e  taken t o  be 

t h e  a x i a l  o r  engineer ing shea r  s t r a i n  range) .  

a 

The s t r a i n  range vs cyc le s  t o  f a i l u r e  data of Tab1.e 1 are  p l o t t e d  

i n  Figs .  1 4  t o  log-log coord ina te s .  The s o l i d - l i n e  curves i n  each 



Table 3 .  Parameters in two-term power law [ E q .  (11, with strain range in percent] representation of 
multiaxial low-cycle fatigue of annealed type 304 stainless steel (heat 9T2796) 

Room temperature 538OC (1000'F) 649°C (1200°F) 

-0.42105 -0.67411 

29.485 88.634 
11.222 153.890 
0.169 226.315 
0.300 201.330 

99.445 197.850 

1.107 

R = Ay8z/Acz 

0 8.862 107.496 
1/2 5.421 159.401 
1 0.566 229.126 
2 0.779 202.860 
5 
m 46.818 198.047 

Exponents 
-0.37216 -0.68808 

Coefficients 

8.529 59.753 
0.033 146.291 
5.716 71.349 
7.125 48.836 

30.851 229.425 

Scatter factors  
1.050 

Temperaturs-independent exponents 
-0.32825 -0.68220 

Coefficients 

5.388 66.266 
0.242 144.250 
3.607 74,907 
4.623 52.353 

20.653 229,607 

-0.26687 -0.75222 

3.753 51.456 
3.786 4.832 
3.435 0.177 
2,818 14.040 
1.945 7.719 
9.389 301.875 

1.216 

5.998 30.636 
5.906 0.035 
5.009 0.834 
5,134 0.004 
3,506 0.001 
7.272 290.786 

Scatter f ac to r  
1.162 
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1 2  

f i g u r e  r e p r e s e n t  t he  f i r s t  model descr ibed  above, wi-th exponents depend- 

e n t  on temperature ,  and t h e  dashed-l ine curves r e p r e s e n t  t h e  second 

model wi th  exponents independent o f  temperature .  The same scale i s  

used f o r  a l l  f i g u r e s ,  and t h e  curves are extended t o  t h e  boundaries ,  

a l though they should n o t  be regarded as a c c u r a t e  beyond t h e  range of the 

d a t a  on which they are based. 

The two-term power l a w  form of E q .  (1) w a s  a l s o  used by McAfee13 t o  

model. the  Code Case 1592-7 s t r a i n  range,  E = A& vs des ign  a l lowable  

number of cyc le s ,  N d ,  curves  f o r  type  304 s t a i n l e s s  s teel .  

va lues  f o r  t h e  38°C (l0O"F) curve and the 538°C (1000°F) t o  649°C (1.20O0F) 

curve,  a t  c y c l i c  s t r a i n  rates equal  t o  or g r e a t e r  than  0.001 sec-l, which h e  

obta ined  by means of least  squa res  f i ts  t o  log-log coord ina te s ,  are given i n  

Table  4. 

t equiv '  
The parameter 

The Code design curves  w e r e  c o n ~ t r u c t e d ' ~  by reducing curves  f i t t e d  

t o  a v a i l a b l e  u n i a x i a l  low-cycle f a t i g u e  da ta '  '=-' 

t o t a l  s t r a i n  range o r  a f a c t o r  of 20 on l i f e ,  whichever r e s u l t s  i n  a 

lower va lue  of s t r a i n  range. A r e c o n s t r u c t i o n  of t h e  o r i g i n a l  (unreduced) 

Eatigue curves  i n  t h e  form of Eq.  (1) was cibtained as fo l lows ,  I n  

Table  T-1420-1A of Ref. 1 f o r  t h e  f i r s t  seven e n t r i e s  at each temperature ,  

wi th  10 < Nd .<-lo3, N 

wi th  4 x 10' 5 Nd 5 lo6, = was m u l t i p l i e d  by 2. The two- 

t e r m  power l a w  of Eq. (1) was f i t t e d  t o  t h e  transformed t a b l e  e n t r i e s  i n  

t h e  manner descr ibed  previous ly ,  w i th  exponents taken t o  be  both  dependent 

on and independent of temperature .  The r e s u l t i n g  parameter va lues  are 

given i n  Table  4 .  

by a f a c t o r  of 2 on 

w a s  m u l t i p l i e d  by 20. For t h e  l as t  f i v e  e n t r i e s ,  d - 

Str izak ' '  has  a l s o  used t h e  form of Eq. (1) t o  model u n i a x i a l  low-  

c y c l e  f a t i g u e  d a t a  from f i v e  

s t ee l  a t  21°C (70°F), 538°C (lOOO°F) t o  566OC (1050°F), and 649°C (1200°F) 

w i t h  a s t r a i n  ra te  of 0.004 sec-' .  The parameter va lues  which he obta ined  

are a l s o  given i n  Table  4 .  

' 2 2 ' L 2 5  f o r  type  304 s t a i n l e s s  

Diercks and RaskeZ6 have c o l l e c t e d  low-cycle f a t i g u e  d a t a  f o r  t ype  

304 s t a i n l e s s  st:eel a t  e l eva ted  temperatures  from 10 sources (Refs.  1 9 ,  
20, 22 ,  25, 27-32).  Included i n  t h i s  l i s t i n g  are t h e  prev ious ly  unpublished 

r e s u l t s 2 '  of t h r e e  tests each a t  538°C (IO0O"F) and 650°C (1202°F) of 

specimens €rom t h e  r e f e r e n c e  h e a t  9T2796 These  specimens were s o l u t i o n  
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annealed and aged 1000 hours at 593°C (2100"F), and tested at a cons tan t  

s t r a i n  ra te  o f  0.004 sec-' ( s l i g h t l y  greater than the minimum average 

equ iva len t  s t r a i n  ra te  of  t h e  prc~sens  t e s i s ) .  These r c s u l t s  are givcn 

i n  Table 5. 

Table  5. Uniax ia l  low-cyc1.e f a t i g u e  dataz9 f o r  t he  r e fe rence  heat 
(9T2796) of type  304 s t a i n l e s s  s t ee l ,  annealed and 

aged 1000 h r  at 593°C ( l J .OO"$)  

e AF3 i 

(%) sec 

L 
-1 

2.01 1100 1.57 

0.99 4951 0.66 

0.64 15416 0.39 

1.98 7 2 2  1.59 

0.99 2604 0.68 

0.49 25771 0 . 2 7  

[538"C (1000"F>] 

0.44 0.004 

0.33 0.004 

0.2.5 0.0043 

[55Q"C (1202"P)] 

0.39 0.004 

0.31 0.004 

0.22 0.0039 

0.219 0.914 0.971 

0.333 0.870 0.957 

0.391 0.847 0.949 

0.197 0.926 0.975 

0.313 0.883 0.961 

0.449 0.832 0 .944  

The pure t ens ion  o r  K = 0 d a t a  of Table 1 are plotted i n  F ig ,  5 f o r  

a l l  t h r e e  temperatures employed i n  this i n v e s t i g a t i o n .  A l s o  shown are 

the a v a i l a b l e  538°C (1OOO"P) and 650°C ( 1 2 0 2 ° F )  d,3taz9 f-ro-m Argonne 
National La3oratory f o r  t he  r e fe rence  heant i n  the  aged cond i t ion ,  

i nc lud tng  d a t a  f o r  slower s t r a i n  rates than those l i s t e d  i n  Table 5. 

The tlhree s o l i d - l i n e  curves i n  Fig. 5 represent f i t s  to t h e  p re sen t  

da t a .  The t h r e e  curves drawn w i t h  alternating long  and s h o r t  dashes are  

average i n  t h e  sense  t h a t  they r e p r e s e n t  f i t s Z 1  t o  data from s e v e r a l  

sources.  

t i o n s  of t h e  average f a t i g u e  C U K V ~ S  which served as t:lw bas i s  f o r  t h e  

Code design curves.  The lower of t h e s e  two curves i s  based priiuarrily on 

649°C: (1200°F) d a t a ,  b u t  the. then a v a i l a b l e  5 3 8 O C  (1000°F) d a t a  were n o t  

The t w o  remaining dashed-l.ine curves are reconstruc-  1 9  Y 2 2 - 2 5  
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Fig. 5. Uniaxial low-cycle fatigue tests on annealed type 304 
stainless steel (heat 9T2796) at room temperature, 538°C (1000"F), and 
649°C (1200'F). Constant strain rate data29 at 5 3 8 O C  (LOOO'F) and 650°C 
(1202'F) from Argonne National Laboratory [(same heat, aged 1000 hr at 
5 9 3 O C  (l1OO0F)] is also shown. In each of the present tests, the 
average strain rate in sec-' was equal to the strain range in percent 
divided by 120. 

sufficiently different to require separate treatment l 4  All eight 

curves were generated using Eq. (1) with the temperature-dependent 

exponents and coefficients listed in Tables 3 and 4. 

The two sets of dashed (or average) curves in Fig. 5 agree reason- 

The ANL data"' for ably well, except perhaps at low numbers of cycles. 

both temperatures at 0.004 sec-' strain rate lie f o r  the most part 
slightly above the corresponding average curves. The remaining ANL data 

at 538°C (1000"F),  except f o r  the three points nearest to 20,000 cycles, 

are in agreement with the usual observation that lowering the  strain 

rate lowers the number of cycles to failure at elevated temperature. 



1.6 

The p r e s e n t  d a t a  and f i t t e d  curves l i e  f o r  t h e  most p a r t  we31 below 

t h e  corresponding average curves,  d e s p i t e  t h e  eEfect t h a t  t h e  h igher  

average equiva len t  s t r a i n  rates a t  the h igher  s t r a i n  ranges should have 

on t h e  e l eva ted  temperature  r e s u l t s .  T’ne reason  €or  t h i s  d i f f e r e n c e  i s  

n o t  known, however Lhewe is no reason  v a l i d  comparisons cannot be made, 

based on the p resen t  d a t a ,  between results of tests at d i f f e r e n t  r a t i o s  

of engineer ing  shea r  s t r a i n  t o  a x i a l  strain.  

EQUIVALENT STRAIN RANGE 

In c y l i n d r i c a l  coord ina te s  t h e  equ iva len t  t o t a l  s t r a i n  range of 

Ref. 1 i s  given by 

This  form i s  r e l a t e d  to  t h e  engineer ing  shea r  s t r a i n  range on t h e  

oc t ahedra l  p lane  ( the  p lane  f o r  which the  ang le  between i t s  normal and 

each of t h e  t h r e e  p r i n c i p a l  s t r a i n  range d i r e c t i o n s  is the same> by 

A E  

u s u a l l y  r e s t r i c t e d  t o  t h e  p l a s t i c  p o r t i o n  of the s t r a i n  increments .  

- /fie analagous f o r m ,  used i n  p l a s t i c i t y  theory ,  i s  - Ayoc!t equiv  

I n  t h e  p r e s e n t  experiments Ay and Ay were zero  and A E  and Ayoz rQ zr z 
were measured i n d i r e c t l y .  The t w o  remaining s t r a i n  range components 

were taken  t o  be  

e ‘ A E  F - ~ ( A E ~  - A E ~ )  = - -- e 1  = 
A E ~  = A E ~  2 z e ’  

e where v i-s Poisson’s r a t i o ,  AcZ i s  t h e  e las t ic  po r t ion  of t h e  t o t a l  

axial  s t r a i n  range AE and 
z’  

F = 1 - ( ~ - - ~ ~ ) ( A E ~ / A E  e ) 
e z 

is  a f a c t o r  t h a t  accounts  f o r  t h e  e f f e c t  oE e las t ic  s t r a i n .  Equation 



( 3 )  becomes 

For a pure t o r s i o n  test As =-: and f o r  a pure t e n s i o n  test equiv 1 AE - - -  (I. -t- - F L I E ~ .  A s  LIE i n c r e a s e s ,  t h e  r a t i o  LiczfGcz 
q u i - v  3 2 e  2; 

ranges from 1 t o  0 ,  F 

from --(I 4- v)  to 1. 

from 2v t o  1, and A E ~ ~ ~ ~ ~ / A E ~  f o r  pure t e n s i o n  
e 2 

3 
For type 304 s t a i n l e s s  steel, t h e  minimum v a l u e  of 5e  /AEZ f o r  equiv 

pure t e n s i o n  is O , S 4  at  38'6 (IOOOF), 0.87 a t  538OC (100OaF), and 0.88 

a t  6 4 9 O C  (1200"F), based on val.ues of Poisson 's  r a t i o  r epor t ed  i n  Ref. 

3 3 .  Taking F = 1 o r  v = - ( incompressible  m a t e r i a l )  w i l l  r e s u l t  i n  

'€equiv 
wi th  t h e  e r r o r  dec reas ing  as temperature ,  Acz, and Ay i n c r e a s e .  For 

pure t o r s i o n ,  t he  e r r o r  is  zero.  I n  c o n s t r u c t i n g  t h e  Code Case 1592-7 

f a t i g u e  des ign  curves d i r e c t l y  from u n i a x i a l  d a t a ,  

e v i d e n t l y  absorbed i n  t h e  r e l a t i v e l y  l a r g e  f a c t o r s  of s a f e t y  employed. 

Some i d e a  of how qu ick ly  t h e  r a t i o  Ac 

1 
e 2 

be ing  overest imated by a t  most 19% f o r  type  304 s t a i n l e s s  steel, 

8 2  

1 4  t h e  above e r r o r  w a s  

/&EZ f o r  p u r e  t ens ion  rqu iv  
approaches u n i t y  as B E  i n c r e a s e s  can be obtained by s tudy ing  t h e  a v a i l -  

a b l e  u n i a x i a l  low-cycle f a t i g u e  d a t a z 6  f o r  which both t h e  t o t a l  s t r a i n  

range and t h e  p l a s t i c  s t r a i n  range are given. 

AE / A €  given i n  Table 5 seem f a i r l y  t y p i c a l .  The lowest v a l u e  

c a l c u l a t e d ,  0.944, f o r  a t o t a l  s t r a i n  range of 0.49% a t  6590°C (1202OP) ,  

r e p r e s e n t s  an  e r r o r  of €I%, while  t h e  h i g h e s t ,  0.975, f o r  a t o t a l  s t r a i n  

range of 1,98% a t  the  same temperature,  r e p r e s e n t s  an error of 3%. 

z 

The c a l c u l a t e d  va lues  of 

equiv z 

I n  F i g s .  6, 7 ,  and 8 t h e  d a t a  of Tables 1 and 5 are  p l o t t e d  as 

equ iva len t  s t r a i n  range [from E q .  ( 4 )  w i t h  F = 13 vs cyc1 .e~  t o  f a i l u r e  

f o r  each of t h e  t h r e e  temperatures  employed i n  t h i s  i n v e s t i g a t i o n .  Also 

shown are t h e  curves f o r  R = 0, 2 ,  and 00) generated using E q .  (1) w i t h  

t h e  temperature-dependent exponents and c o e f f i c i e n t s  of Table 3 .  Each 

of Figs. 6 ,  7, and 8 a l s o  c o n t a i n s  t h e  a p p r o p r i a t e  equ iva len t  s t r a i n  

range vs  des ign  a l lowab le  c y c l e s  curve (designated CC i n  t h e  f i g u r e )  

from Ref. 3. and a curve (designated CCS -in the f i g u r e )  obtained by 

s h i f t i n g  t h e  Code design curve up by a f a c t o r  of 2 o r  t o  t h e  r i g h t  by a 

f a c t o r  of 20, whichever r e s u l t s  i n  a l a r g e r  va lue  o f  s t r a i n  range. ']%e 

e 
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Fig.  6 .  Equivalent  s t r a i n  range vs c y c l e s  t o  f a i lu re .  i n  multiax:i.al. 
low-cycle f a t i g u e  tests on annealed type  304 s t a i n l e s s  steel. (hea t  
9T2796) a t  room temperature .  

CCS curves  are thus  r e p r e s e n t a t i v e  of t h e  u n i a x i a l  d a t a  on which t h e  

Code des ign  curves  are based. ''' 
us ing  Eq. (1) with t h e  temperature-dependent exponents and c o e f f i c i e n t s  

given i n  Table  4 .  The CC and CCS curves  f o r  5 3 8 ° C  (lOO0"F) are i d e n t i -  

c a l  t o  t h e  curves  f o r  6 4 9 ° C  (1200"F), a l though t h e s e  are now d a t a  avail- 

a b l e  whish i n d i k a t e  they should not be.26 

The CC and CCS curves  were generated 

Seve ra l  obse rva t ions  can be  made regard ing  F i g s .  6 ,  7 ,  and 8. 

F i r s t l y ,  equ iva len t  s t r a i n  range is  n o t  very  e f f e c t i v e  i n  b r ing ing  these 

low-cycle f a t i g u e  d a t a  from several m u l t i a x i a l  s t r a i n  states i n t o  co inc i -  

dence wi th  a commoii curve.  A t  each temperature ,  t h e  pure  t o r s i o n  d a t a  

l i e  cons iderably  above t h e  pure  t ens ion  d a t a ,  The f i t t e d  curves  a l s o  

r e f l e c t  t h i s .  Evalua t ion  of t h e  corresponding equa t ions  a t  N f  = 1000 

cyc1.e~ shows t h a t  t h e  r a t i o  of equ iva len t  s t r a i n  range  f o r  pure  t o r s i o n  

t o  equ iva len t  s t r a i n  range f o r  pure  t e n s i o n  i.s 2.15 a t  room temperature ,  
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Fig. 7 .  Equivalent  s t r a i n  range v5 c y c l e s  t o  f a i l u r e  i n  m u l t i a x i a l  
low-cycle f a t i g u e  tests on annealed type  304 s t a i n l e s s  steel (hea t  
9T2796) a t  538°C (lOOO°F). Uniaxial. dataz9 from Argonne Na t iona l  
Laboratory a t  a cons t an t  s t r a i n  rate of 0.004 sec-' on t h e  s a m e  h e a t  i n  
t h e  aged cond i t ion  is  also shown. 

2.14 a t  538°C (lOOO°F), and 2.07 a t  649°C (1200°F). S imi l a r  remarks 

apply t o  maximum engineer ing shea r  strain range, (kl - A s , ) ,  and maxi- 

mum normal. s t r a i n  range, As1, based on t h e  incompressible  equa t ions  for 

t h e  ordered p r i n c i p a l  s t r a i n  ranges, A E ,  2 As2 
t e n s i o n  and t o r s i o n  are given by 

A E ~ ,  wl1ic.h for  combined 
I 

I A E ~  = - -& , and 
2 z  
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Fig. 8 .  Equivalent s t r a in  range vs c y c l e s  to  f a i l u r e  i n  m u l t i a x i a l  
low-cycle f a t i g u e  tests on annealed cyype 304 s t a i n l e s s  s teel  (hea t  
9T2796) a t  649°C (1200°F). Uniaxial  data29 from Argonne Na t iona l  
Laboratory a t  650°C (1202°F) and a constatic s t r a i n  ra te  of 0.004 sec-' 
on t h e  same h e a t  i n  the aged cond i t ion  i s  a l s o  shown. 

I f  maximum engineer ing shea r  s l t ra in  range and maximum normal. s t r a i n  

range were p l o t t e d  vs cyc le s ,  f i g u r e s  ve ry  s imi l a r  t o  P i g s .  6 ,  7 ,  and 8 
would r e s u l t ,  w i th  r e l a t i v e l y  small ver t ical  t r a n s l a t i o n s  of t he  d a t a  

p o i n t s  and curves on t h e  log-log coord lna te s .  

of maximum shea r  s t r a i n  range Eor p u r e  torsion t o  maximum shea r  s t r a i n  

range f o r  p u r e  t e n s i o n  is 2.49 a t  room temperature,  2 . 4 8  a t  538°C 

(lOOO"P), and 2.39 a t  649°C (1200OF). A t  1000 c y c l e s  the  r a t i o  of 

maximum normal s t r a i n  range f o r  pure  t o r s i o n  t o  maximum normal s t r a i n  

range f o r  pure t ens ion  i s  1.86 a t  room temperature and a t  538°C (1000"F), 

and 1 .79  a t  649°C (1200°F). 

A t  1008 cycles t h e  r a t i o  

Secondly, t h e  pure t ens ion  d a t a ,  R = 0,  i n  Figs.  6, 7 ,  and 8 l i e  

c o n s i s t e n t l y  below t h e  C C S  curves,  w h i l e  t h e  u n i a x i a l  ANI, d a t a z 9  i n  



Figs.  7 and 8 l i e  c o n s i s t e n t l y  above. 

t h i s  t h a t  all of t h e  p re sen t  da t a  are lower than average f o r  some 

unknown reason. There does n o t  seem t o  be any reason however, to sup- 

pose t h a t  t h e  apparent  i n f l u e n c e  of m u l t i a x i a l i t y  has been magnified as 

a r e s u l t .  

One might reasonably i n f e r  from 

Th i rd ly ,  t h e  curves f i t t e d  t o  t h e  p re sen t  d a t a  i n  F igs .  6 and 7 

show less c u r v a t u r e  than t h e  CC and CCS curves .  If extended far  enough 

beyond t h e  d a t a ,  these curves w i l l  crass t h e  CC o r  Code design curves a t  

r e l a t i v e l y  h igh  numbers of c y c l e s ,  as demonstrated i n  t h e  f i g u r e s .  Th i s  

is appa ren t ly  due t o  t h e  l i m i t e d  range of f a t i g u e  lives i n  the  p re sen t  

d a t a .  Not count ing the  single t e s t  a t  room temperature  w i t h  R I= 5 ,  t h e  

r a t i o  of maximum t o  minimum c y c l e s  f o r  a given tes t  c o n d i t i o n  ranges 

from 2.8 f o r  the tests a t  room temperature wi th  R = 2 t o  74 f o r  t h e  

tests a t  649°C (1200OF) with R = 0. The l o n g e s t  test w a s  17,600 c y c l e s  

t o  f a i l u r e  a t  5 3 S o C  (lOOO°F) wi th  R = (0 and Ay = 1.08%. I n  a d d i t i o n  0 2  
t o  l a c k  of cu rva tu re ,  l i m i t e d  range and a l i m i t e d  number of d a t a  p o i n t s  

permit experimental  scatter t o  have a l a r g e  i n f l u e n c e  on t h e  s l o p e  O P  a 

f i t t e d  curve,  as i s  appa ren t ly  t h e  case f o r  R = 2 i n  Fig. 6.  
Fourthly,  t h e r e  i s  an incons i s t ency  between t h e  r e s u l t s  i n  P igs .  6 

and 7 and t h e  r e s u l t s  i i i  Fig. 8. 

(IOOO°F) t h e  pure t e n s i o n  o r  R = 0 curve comes close t o  being a lower 

bound f o r  a l l  of t h e  m u l t i a x i a l  d a t a .  It would fol low from t h i s  t h a t  

t h e  Code des ign  curves are based on t h e  worst  case as far as mult i -  

a x i a l i t y  is  concerned. 

a x i a l  d a t a  l i e  below t h e  R = 0 curve.  TJnfortunately, t h e r e  i s  also 

cons ide rab le  scatter p r e s e n t  i n  the  d a t a  f o r  R = T- and K = 1. a t  t h i s  

temperature,  making i n t e r p r e t a t i o n  of t h e  resul ts  more d i f f i c u l t .  I n  

f a c t  one of t h e  d a t a  p o i n t s  f o r  R = 1 (ID0 c y c l e s )  l i e s  below t h e  Code 

design ciirve, a l though t h e  f i t t e d  equ iva len t  s t r a i n  range curve f o r  t h i s  

r a t i o  does not c r o s s  the  des ign  curve i n  t h e  range o€ the d a t a .  (The 

nearest: c r o s s i n g  i s  a t  4 2  c y c l e s . )  

A t  room temperature and a t  538°C 

A t  649°C (1200°F) however, most of t he  mult i -  

1 
2 
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PLANE OF MAXIMUM SHEAR STRAIN 

Brown and Mill.er3 examined m u l t i a x i a l  l o w  and high-cycle f a t i g u e  

d a t a  f o r  many materials and test condi t ions  a t  room temperature  and con- 

cluded t h a t  t h e  phys ica l  q u a n t i t i e s  which govern f a t i g u e  l i f e  are t h e  

shear and normal strains a c t i n g  on t h e  plane o f  maximum shear: s t r a in .  A 

similar conclusion i n  terms of stresses w a s  reached ear l ier  hy Findlief ’ 
f o r  high-cycle f a t i g u e .  Recent work of Kanazawa. and Brown’ involv ing  

out-of-phase combined axial and t o r s i o n a l  loading  lends f u r t h e r  support 

t o  t h i s  approach. Figures 9 ,  10, and 11 are plmts  of nomial strain 

range, A E  1 = ~ ( A E ,  3- k 3 ) ,  vs one-half the engineer ing  shear s t r a i n  
Ills 
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Fig .  9 .  Constant l i f e  contours  o f  normal strain range vs shear 
s t r a i n  range on t h e  p lane  of maximu111 shear s t r a i n  for type 304 stainless 
steel (hea t  9T2796) a t  room temperature.  
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steel ( h e a t  9T2796) a t  538°C (IOOOOF). 

1 1 
2 ms range, --Ay = - A E ~ ) ,  on t h e  p l ane  of maximum s h e a r  s t r a i n  range, 

fo r  4 values  of t h e  number of c y c l e s  t o  f a i l u r e ,  N f ,  covering approxi- 

mately t h e  range of t h e  p r e s e n t  d a t a  a t  room temperature ,  538aC (1000"F), 

and 649°C (1200°F) r e s p e c t i v e l y .  For combined t e n s i o n  and t o r s i o n ,  

1 
= -A& and *'ms 4 z 9 

from Eq.  (5).  The c a l c u l a t i o n s  were based on Eq.  (1) wi th  t h e  param- 

eters from Table 3 (exponents depending on temperature and c o e f f i c i e n t s  

depending on temperature and the  r a t i o ,  R,  of engineer ing shea r  s t r a i n  
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steel  (hea t  9T2796) a t  649°C (1200'F). 

t o  a x i a l  s t r a i n ) .  The dashed l i n e a  i n  F igs .  9 ,  10,  and 11 connect 

p o i n t s  w i th  the  s a m e  value of R,  and the s o l i d  l i n e s  connect: p o i n t s  with 

t h e  s a m e  va lue  of N 

(1200°F) are d i f f e r e n t  from t h e  v a l u e s  chosen f o r  room temperature and 

538°C (100(9°E'). The cons t an t  l i f e  contours  i n  Fig.  9 are q u i t e  smooth, 

u n l i k e  those i n  F igs .  10 and 11. In  any case,  t h e  shapes are a c c u r a t e  

r e f l e c t i o n s  of the f i t s  to  t h e  d a t a ,  and are t h e r e f o r e  s u b j e c t  t o  t h e  

same problems: 

mental scatter, and apparent  i n c o n s i s t e n c i e s  as discussed i n  t h e  pre- 

v ious  s e c t i o n .  Figures  9,  10 ,  and 11 n e v e r t h e l e s s  suggest  t h a t  an 

e f f e c t i v e  method of des ign  f o r  m u l t i a x i a l  low-cycle f a t i g u e  could be 

based on the shea r  and normal s t r a i n s  a c t i n g  on t h e  plane of iiiaximum 

shea r  s t r a i n .  The type of problem er iv isbned would reduce t o  t h e  

Note t h a t  t h e  va lues  of N f  chosen f o r  649°C f '  

l i m i t e d  range and l i m l t - e d  number of d a t a  p o i n t s ,  experi-  
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1 de te rmina t ion  of t h e  coord ina te s  i n  AE: vs -Ay space of t h e  p o i n t  of m s  2 m s  
i n t e r s e c t i o n  of a given r a d i a l  l i n e  wi th  a given cons t an t  l i f e  contour .  

I f  adequate  m u l t i a x i a l  d a t a  are a v a i l a b l e  t o  gene ra t e  reasonably smooth 

contours ,  no matter what t h e i r  shape, l i n e a r  interpolation between known 

p o i n t s  on a contour could be used. For example, suppose t h a t  t h e  r a t i o  

of As t o  -Ay is  0.0958 and t h e  v a l u e s  o f  A s  and 5Ayms expected t o  

cause f a i l u r e  i n  1100 c y c l e s  a t  room temperature  are needed. For com- 

bined t e n s i o n  and t o r s i o n ,  t h i s  corresponds t o  t h e  s i n g l e  t es t  i n  Table 

1 a t  R = 5 .  The equa t ion  of t h e  s t r a i g h t  l i n e  approximating t h i s  

p a r t i o n  of t h e  1100 c y c l e  room temperature contour  is  

1 1 
m s  2 m s  m s  

w i th  s t r a i n  ranges i n  percent .  I n t e r s e c t i o n  wi th  t h e  r a d i a l  l i n e  de f ined  
1 by t h e  above r a t i o  occurs  a t  A E  = 0.265% and -Ay = 2.77%. For m s  2 m s  

combined t ens ion  and t o r s i o n  wi th  R = 5 ,  t h i s  corresponds t o  an  a x i a l  

s t r a i n  range, Acz, of 1.06%. 

1 .OO%. 

I n  the  test  r e f e r r e d  t o  above, AE w a s  z 

Another p o s s i b i l i t y  is  suggested by t h e  shape of t h e  cons t an t  life 

contours  i n  Figs.  9 and 10,  namely t h a t  they might be approximated by a 

s i n g l e  s t r a i g h t  l i n e  connecting t h e  pure t e n s i o n  r e s u l t  w i th  t h e  pu re  

t o r s i o n  r e s u l t .  The equa t ion  f o r  t h i s  l i n e  is  

where Aco and Ayo are t h e  strain ranges i n  pu re  t e n s i o n  and pure t o r s i o n ,  

r e s p e c t i v e l y ,  and depend on Nf i n  accordance w i t h  Eq.  (1). 

t e n s i o n  and t o r s i o n  Eq. (6) reduces t o  

For combined 

where R = A Y ~ ~ / A E ~ .  
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CUMULATIVE DAM,4GE 

For the  45 m u l t i a x i a l ,  low-cycle f a t i g u e  tests l i s t e d  i n  Table  2 

which were conducted under a sequence of t w o  cons t an t  s t r a i n  ranges,  t h e  

l i n e a r  cumulative damage r u l e  ( a f t e r  Palmgren,  anger,^' and mnor3 ' )  

employed i.n Ref. 1 reduces t o  

3 7  

where nq and n2 are the  numbers of 

second s t r a i n  ranges r e s p e c t i v e l y ,  

number of cyc le s  to  f a i l u r e  N f o r  f 

c y c l e s  app l i ed  a t  t h e  Eirst and 

and N 1  and N2 are estimates of the 

t h e  corresponding s i n g l e  s t r a i n  range 

cond i t ions .  Note t h a t  i n  a11 hut two cases t h e  s t r a i n  range sequence 

w a s  high-low, TWO sets of N estimates are g%ven i n  Table 2 .  The f irst  

is  based on t h e  sol.ution of F:q. (1) ( w i t h  exponents depcrtding on cem- 

p e r a t u r e  and c o e f f i c i e n t s  depending on temperature and R r a t i o )  f o r  the 

appl ied m u l t i a x i a l  s t r a i n  ranges * With these  estin~ates,  t he  second l i f e  

f r a c t i o n ,  nz/Nn,  I s  p l o t t e d  a g a i n s t  t h e  f i r s t ,  nl/N1, i n  F i g .  1 2 ,  a long 

wi th  t h e  s t r a i g h t  l i n e  r e p r e s e n t i n g  E q .  (7 ) .  Many of the d a t a  sets i n  

t h i s  f i g u r e ,  wh i l e  remarkably l i n e a r  i n  themselves,  do n o t  conform t o  

t h e  s t r a i g h t  l i n e  shown, The most s t r i k i n g  example o f  t h i s  is  t h e  

series of tests a t  649°C (12QQ'P) under a high-low sequence of s t r a i n i n g  

with R = 1, One p o s s i b i l i t y  is  t h a t  t he  estimates of N liased on t h e  

cons t an t  s t r a i n  range tests a t  449OC (120QOF) are unrel. iable.  I f  so, 

t h i s  is  another  example of t h e  apparent  l a c k  of cons i s t ency  poin ted  out 

earl-ier i n  the  cons t an t  s t r a i n  range, m u l t i a x i a l  d a t a  a t  t h i s  temperature. 

f 

f 

To exp lo re  t h i s  poss ib i l . i t y  f u r t h e r ,  a second set  of N estimates f 
as given i n  Table 2 w e r e  made by f i t t i n g  s t r a i g h t  l i n e s  t o  t h e  n z  vs nI 

d a t a  i n  t h e  high-low tests by tire method of least squares .  For the two 

cases i n  which a low-high sequence was used, the 1-2 sequence designa- 

t i o n s  were interchanged and t h e  d a t a  were inco rpora t ed  i n t o  the cor-. 

responding high-low d a t a  sets i n  order t o  have eomon estimates of N 

f o r  t h e  sane s t r a i n i n g  and temperature cond i t ions .  The r e s u l t i n g  beat- 

f i t  l i f e  f r a c t i o n s  are p l o t t e d  i n  Fig. 13. 

f 
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Fig. 12. Two-part multiaxial cumulative damage tests on type 304 
stainless steel (heat 9T2796) at room temperature, 538°C (LOOO'F), and 
649°C (1200°F), with engineering shear strain to ax-ial strain ratios of 
0 ,  1/2, 1, and 2, and with high-to-low and low-to-high strain range 
sequences. 

The improved agreement with Eq.  (7) of the data in Fig. 13 as 

compared with that in Fig. 12 is both obvious and expected, but: there 

remains considerable question as to how meaningful these results are. 

It is reassuring t o  note that most of the data points which lie signifi- 

cantly above the straight l i n e  in Fig. 13 are from tests in which a low- 

high sejquence of straining was followed while a l l  points below the line 

are from high-low tests. This distinctixm, which is not as clear in 
Fig. 12, conforms to the sequence effect usually reportedz2 in such 

tests. 
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Fig. 13. ' lbo-part m u l t i a x i a l  cummlarive damage d a t a  o f  Fig.  1 2  
wit11 N va lues  chosen from f i t  t o  l i n e a r  cumulative damage l a w .  5 

Despi te  t h e  unorthodox t rea tment  of t h e  d a t a  p l o t t e d  i n  Fig.  13 i t  

may be  more f a i t h f u l  t o  t h e  underlying mul.t iaxia1 cunu la t ive  damage 

lielnavior of t h i s  material than i s  Fig. 12 .  Hopefully,  a d d i t i o n a l  data 

w i l l  become a v a i l a b l e  as more a t t e n t i o n  is  focused on m u l t i a x i a l  low- 

cyc le  f a t i g u e .  

S W K Y  ANI) CONCLUSIONS 

Current  f a t i g u e  des ign  methods are based on: (1) a d e f i n i t i o n  

o f  equ iva len t  s t r a i n  range., (2)  a l i n e a r  cumulative damage r u l e ,  and ( 3 )  
a temperature and material dependent r e l a t i o n s h i p  between equ iva len t  

s t r a i n  range and al lowable cyc1.e.s: of s t r a i n i n g .  The r e s u l t s  presented  

here are r e l w e n t  t o  an assessment of the e f f e c t i v e n e s s  of each of t hese  
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b a s i c  elements,  b u t  a r e  s p e c i f i c  t o  type 304 s t a i n l e s s  s teel ,  With 

regard t o  ( I ) ,  t hese  resul ts  show t h a t  t h e  c u r r e n t  d e f i n i t i o n  of equiva- 

lent s t r a i n  range i s  no t  a very  e f f e c t i v e  c r i t e r i o n  f o r  accounting f o r  

t h e  i n f l u e n c e  of m u l t i a x i a l  loading on f a t i g u e .  The same obse rva t ion  

a p p l i e s  t o  two o t h e r  t r a d i t i o n a l  measures, t he  maximum shea r  s t r a i n  

range and t h e  maximum p r i n c i p a l  s t r a i n  range. However, t h e  r e s u l t s  a t  

room temperature and 538°C (1000'F) i n d i c a t e  t h a t  on an equ iva len t  

s t r a i n  b a s i s  u n i a x i a l  s t r e s s i n g  is t h e  most d e t r i m e n t a l  f a t i g u e  loading 

cond i t ion  of those i n v e s t i g a t e d .  Since t h e  r e l a t i o n s h i p  i n  ( 3 )  above is 

based on t h i s  cond i t ion ,  c u r r e n t  methods might t h e r e f o r e  be characterzzed 

as conse rva t ive  wi th  respect t o  m u l t i a x i a l i t y .  The r e s u l t s  a t  649°C 

(1200OF) do nut support  t h i s  p o s i t i o n ,  b u t  do n o t  themselves c o n s t i t u t e  

a convincing counter  example. 

Concerning (2) ,  t h e s e  r e s u l t s  do not i n d i c a t e  t h a t  multi .axial  

loading i s  s i g n i f i c a n t l y  d i f f e r e n t  from u n i a x i a l  l oad ing  with regard t o  

t h e  e f f e c t i v e n e s s  of a l i n e a r  cumulative damage r u l e .  

These r e s u l t s  a l s o  i n d i c a t e  t h a t  a f a t i g u e  f a i l u r e  c r i t e r i o n  based 

on t h e  shea r  and normal s t r a i n s  a c t i n g  on t h e  p l ane  of maximum shea r  

s t r a i n  would be more e f f e c t i v e  than  c r i te r ia  based on t h e  o t h e r  measures 

considered.  Add i t iona l  m u l t i a x i a l  t e s t i n g ,  e s p e c i a l l y  a t  e l eva ted  

temperatures ,  is  needed t o  guide f u r t h e r  development of such a c r i t e r i o n .  
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