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ABSTRACT

Results of a program of fatigue tests on mild steel are reviewed.
Uniaxial, torsional and five biaxial stress states were applied with full
reversal and principal strain control. The plastic strain and stable stress .
range data are related to fatigue life by the Coffin-Manson and Basquin laws.
_ The slopes of the Coffin-Manson curves dspend on stress ratio according to a
relation based on the energy imparted to the planes of maximum shear stress.
Stable cyclic stress-plastic strain curves for each stress ratio are
normalized using octahedral stresses and strains,

Fatigue strength at 10"’ cycles can be adequately described, in terms of
stable stress, by a modified maximum shear stress criterion. This criterion
includes a small influence of the stress normal to the plane of maxirum shear.
From these relations a criterion is developed which predicts fatigue life from
range of principal strain for all stress states. Comparison of the experimen-
"tal data with other criteria presently in use reveals non-conservative dis-
crepancies. The proposed criterion offers significant improvement.

1. INTRODUCTION

In nuclear and fossil-fuel fired thermal generating stations, as well as
in a number of other industrial applications, many components are subjected to
a significant cyclic loading a relatively few times during the service life.
The major load cycle would be associated with a start-up, @ periocd of
operation, possibly at elevated temperature and a shutdown of the plant. The
nominal stresses will in general follow a similar pattern of an increase,
maintenance for some time with a possibility of relaxation, followed by a
decrease.

Fatigue occurs in critical locations of such components where some local
plasticity occurs during each application of load. These critical locations
may be in the surface at notches, discontinuities, or welds; or they may be
internal at a flaw or inclusion. The plastic deformation zone, occurring in a
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region of high stress gradient, is restricted by the surrounding elastic
region. In the small plastic zone, the mean stress due to the zero to maximum
service loading cycle is relaxsd to close to zero by the cyclic plasticity.
Subsequently, the stresses are fully-reversed while the strain fluctuates
about a mean strain that is small enough not to affect the fatigue life. The
flaws or discontinuities at which fatigue cracks initiate are most commonly
found at a free surface, Here the stress state approaches biaxiality because
the stress normal to the surface is comparatively small.

However, tests to evaluate the fatigue properties of materials are for
convenience most often performed under uniaxial stress conditions. Relation-
ships to permit application of such fatigue data to the practical biaxial
stress state are required to properly evaluate the fatigue resistance of most
structural components.

2. BIAXIAL FATIGUE CRITERIA

Criteria that can be applied to cyclic biaxial stressing in the range to
cause failure at lives in excess of 10 cycles have been developed in a number
of earlier studies, for example by Gough [1], Findley [2], Marin [3] and
Sawert [4]. The criteria developed are analogous to those applicable to
yielding'or metals under biaxial direct stress. The distortion strain energy
and maximum shear stress criteria are generally favoured for ductile metals
with neither showing clear superiority due to the normal scatter present in
the experimental data. For metals which contain numerous internal discon-
tinuities, and hence in which the fatigue process consists predominantly of
crack propagation, Sawert [4] and Crosby et al [5] showed that the maximum
principal stress criterion provides good correlation.
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Biaxial fatigue in the short life range has not been studied in
sufficient dotail to provide a criterion that can be generally used with con-
fidence. Pascoe et al [6] have shown that the fatigue behaviour of two steels
under four states of biaxial stress does not correspond to the conventional
yield criteria while Taira et al [7] suggest the use of the distortion strain
energy theory applied to strain range. The ASME Boiler and Pressure Vessel
Code (Section III) [8] employs a method developed by Langer [9] based on the
maximum shear stress theory.

3, STUDY OF BIAXIAL FATIGUE OF MILD STEEL

In the present paper a new critericn is developed based on biaxial
fatigue data, shown in Table 1, from a recent study of normalized 1018 steel
by the authors [10]. The data were generated under fully reversed, strain
controlled cyclic loading conditions using uniaxial, torsional and five bi-
axial stress states. The equipment designéd to apply fully reversed biaxial
loading to thin-walled cylindrical specimens has been described previocusly
(11]. The instrumentation system permitted continucus monitoring of both
stresses and strains throughout the test. The tests were terminated when a .
small crack was apparent from a distortion of the hysteresis loop thus ex-
cluding most of the propagation stage from the fatigue life data. The fatigue
lives obtained were between 2000 and 100,000 cycles. The specimens were
tested in hydraulic oil and at room temperature. The data in Table 1 are the
controlled prineipal strain range A€ 12 the corresponding principal stress
range at 50 per cent of the fatigue life, Do 1» 8t which point the material is
considered to have stabilized following the initial cyclic hardening or
sof tening behaviour, and the number of cycles to failure Nf.

%, FATIGUE LIFE AS A FUNCTION OF ELASTIC AND PLASTIC STRAIN RANGES

For each stress state the elastic strain range, A61e, and the stress
range are related through the generalized Hooke's law. When the axial strain
was used for control this gives:

- [\f“«‘ v
ﬁ:':1e = B (l-a') 1)

where O 1s the axial to circumferential stress ratio, and E and V are the
Young modulus and Poisson's ratio respectively. The plastic strain range in
the direction of control, L\-m, is then given by:

1“:'“) = .’\\'1- L\c‘e 2)
The ranges of total, plastic, and elastic strain in the direction of control
were obtalned using (1) and (2) and similar expressions for circumferentially
controlled tests. These are plotted against fatigue life in Pigure 1, Simple
power laws have been used to relate fatigue life to stable values of plastic
straln range by Coffin '12 and Manson ' 13! and of stress range by Basquin

1%, Thus the total strain range may be represented by the sum of two power
functions of the fatigua life namely:
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Bey = Degat Ogy = AR + BNS (3)
where the data are fully represented by four independent parameters 4, By, b
and c.

Lines corresponding to such power laws for elastic, plastic and total
strain range have been fitted to each series of data with least squares
doviation and are included in the figure. These are seen to adsquately
represent the experimental values. .

5. CONTOURS OF FATIGUE LIFE

Figure 2 shows contours of equal fatigue life at 10" cycles obtained from
the experimental data ¢n the bases of total, plastic, and elastic components
of principal strain. Data are shown only between lines representing principal
strain ratios (and coincidsntally stress ratios) of 1,00 and =1.00 which form
axes of symmetry for isotropic materials. The data shown in the figure for
stress ratios of 0,50 and -0.3% would normally appear outside these axes of
symmetry as the circumferential stress 1s greater than the axial stress. The
data from the uniaxial tests, performed on samples cut either parallel or
transverse to the axis of the parent forging, indicate that the material is
isotropic at the fatigue lives of interest. Thus these data have been trans-
ferred to the positions of the inverse values of stress ratios as shown, to
facilitate direct comparisons.

Figure 2 also includss the shapes of contours of equal fatigue life
according to the distortion strain energy, the maximum stress, maximum strain
end maximum shear-stress failure criteria. Comparison of the shape of the
experimentally obtained contcurs of equal fatiguo life indicates that none of
the failure criteria describes the contours based on total strain or on
plastic strain.

6. MODIFIED MAXIMUM SHEAR STRESS CRITERIOHN

The shape of the contour based on elastic strain range does show simi-
larities to that of the maximum shea® theory, This theory provides a reason-
able fit for negative stress ratios but shows considerable deviation from the
data for positive stress ratios. The difference between these contours
suggests a modification to the criterion that has increasing effect as the
strain ratio increases from -1.00 to 1.00. For biaxial conditions, the sum of
the two principal stresses fulfills this condition. This modification corres-
ponds to the stress normal to the plane of maximum shear. A similar criterion
was suggested by Stanfield [15].

This modified maximum shear stress critericn may be expressed algebrai-
cally in terms of the principal stress ranges as follows:

é;'.l +m( Lo+ Aey)=¢ (4a)

for positive stress ratios and
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Aoy -
LN 892 4 n(Agy + Ady) = ¢ ()
for negative stress ratios, where C is a constant for any specified life and
m is the fraction of the sum of the stress ranges.

If the stress range causing fatigue failure in uniaxial tests is denoted

Do
by Ac*, and noting that Ao, = -a-l (%)
2
becomes AO‘1(1 + a (2mH ) = Ao" (Sﬂ)
for positive stress ratios and
Aoy (1 + FB=GY) = Oct (5b)

for negative stress ratios.

This modified maximum shear stress criteriocn has been presented earlier
[10). It offers a simple relaticnship for the effect of biaxiality on fatigue
life that is convenient and sufficiently accurate for design purposes provided
the true stresses can be determined.

7. STRESS-STATE DEPENDENCE OF COFFIN-MANSON SLOPE

The slopes of the logarithmic plots of plastic straln range versus
fatigue 1life can be observed in Figure 1. The numerical values for these
slopes, which are included as parameter ¢ in Table 1, show that the slope is
dependent upon the stress state and has values between -0.546 and -0.259.

This dependence on stress state has been noted by other workers (Pascoe et al
"6, Libertiny '16]) vho have attempted to correlate the variation of slope
with stress or strain parameters. The values of the slopes are plotted
against stress retio in Figure 3, which also includes comparable values from
other studies of fatigue of mild steel under more than one stress state.

The data points from this study are in reasonable agreement with those of
Fascoe and de Villiers and show some difference notably in torsion, with data
{rom Yokobori f17f. While there have been other studies of the fatigue
behaviour of mild steel in the low cycle range under more than one stress
condition, the plastic strain range was seldom measured and so additional
comparable slope values are not available. Figure 3 includes curves represen-
ting the relationships used by Pascoe and Libertiny to correlate such slopes
with stress state.

8. RELATION FOR COFFIN-MANSON SLOPE

The figure also includes a curve developed in this study which offers
both a reasonable fit to the data points and an interpretation based on energy
principles for the variation of slope. It is hypothesized that the part of
the input energy which is directly applied to the planes of maximum shear
stress in each stress ratio governs the slope of the Coffin-Manson line,

The total energy required to develop principal strains €4y €, and 63

is given by: 1 o o a
UT=-§(011;1+02|;2+ 0363). 6)
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By assuming that the volume remains constantaand setting O, = Saj_ and
O3 =0 (6) simplifies to: Uy = i )\0.12 g1-a;-2a ) . (7)

For positive stress ratios the greatest values of shear stress and hence also
of shear strain are in the two shear planes that intersect the surface at 45
degrees. The enargy absorbed in shear deformation in the directicn of these

two planes, US’ is given by: Us = % )\0-12(1 + 7‘1.__2_) . (8)

For negative stress ratios the maximum shear is in the plane normal to the
surface, which is at 45 degrees to the 0, and O, axes. For this plane the
energy absorbed in shear is given by: g = % )\0.12 ﬁ-_g.z_ﬁ . (9)

8 a

It 1s now postulated that the value of the Coffin-Manson slope, ¢, 1is
determined by: U

¢ ﬁ'-;? = constant. (10)
This reduces to . 2
¢ = cu 1—'._0'__"'29'_ (11a)
1+ Q
for positive stress ratios and , . ., 1=Q+ a? (11b)
U 1. )

for negative stress ratios, where Sy is the slope for the uniaxial stress
state. Curves representing these two expressions are included in Figure 3
where they are seen to provide a better fit to the data than either of the two
earlier hypotheses.

9. CYCLIC STRESS-STRAIN BEHAVIOUR

The stress-strain curve of a material is dependent on its history of
loading and hence throughout cyclic loading tests there 1s a continucus change
in the shape of this curve. The curve for material with no prior loading
history is that obtained in a monotonic tensicn test. In cyclic loading tests
on most materials, progressive deviations from this curve take place at a
decreasing rate until at some late stage prior to fatigue failure a substan-
tially stable stress-strain curve is attained. The curve at 50 per cent of
the fatigue 1life is generally used as representing this stable state. It has
been used here to permit the effects of stress ratio cn this property to be
examined.

The curves were obtained in this study using the measurements of stress
and strain range taken on each specimen during the blaxial fatigue tests, The
plot of stress range at 50 per cent of the fatigue life against total strain
range for each specimen of each test series was taken to represent the stable
cyclic stress-strain curve. These values are included in Table 1.

These stress-strain curves can be represented by the sum of a power law
term for plastic strain (the Ramberg-Osgood relationship (18]|) and a linear
term for elastic strain,

For the biaxial case, with stress ratio (., this becomes
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A

A€1 =

1 %4
Ao’«, (1=~ ﬁ') A0—1

B + k! -5 ° (12)

To produce coefficients that are less dependent on each other, the term
describing plastic strain includes stress range as & ratio of 50 ksi, which
falls within the range of data for almost all tests. The values of parameters
k' and n' obtained from these plots are listed in Table 1.

10, DEPENDENGCE OF CYCLIC STRESS~STRAIN BEHAVIOUR ON STRESS STATE

The cyclic stress-strain behaviour for the eight stress states was found
to be normalized by the generalized Hocke's law for the elastic strains and
the use of deviatoric stresses and plastic strains. For the biaxial stress
state, the ranges of deviatoric plastic strain, Aép, and deviatoric stress,

AG, are given by ) 2 Ae,p\h-a-r o2 :
AGp = 2 -1 (13)
and
\ 2
A6 =00y =G, (%)

Figure 4 shows that these data do form a reascnably compact band, when plotted '
on this basis. However, some sets of data, notably from the torsion tests and
the tests at 3.89 stress ratio, deviate from the majority. For values of
equivalent plastic strain between 0.001 and 0.01, which includes the data for
all stress ratios, 90 per cent of the data points fall within 14 per cent of
the best fit straight line. This generalized cyclic stress-plastic strain
curve is designated in subsequent analysis by
1
- - n!
Dey = K1A0' . 5)

11, INTERRELATIONSHIP BETWEEN PARAMETERS

Halford has shown [19] that the slopes of the Coffin-Manson curve, ¢, the
Basquin curve, b, and of the cyclic stress-plastic strain curve, 1/n?', are
related by n'e = b, (16)

This relationship is based on the assumpticn that the cyclic stress-strain
curve, as defined by the stable locus of the loop tips for a series of tests
at different strain ranges, is geometrically similar to the loading path
describad by the profile of the hysteresis loops at this stable condition.

The equations developed above are sufficient to produce a relationship
for fatigue life under repeated biaxial stress in terms of applied total
strain range. This strain range can be obtained either by measurement on a
structux:"e or by calculation using elastic theory as presently used in the ASME
Code [81].

12. BIAXIAL FATIGUE RELATION BASED ON STRAIN

The elastic component of the principal strain range that will produce
fatigue failure in N, cycles is obtained by combining (1), (3), (5), (11) end
(16):
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2
* _ N -n'c ‘1-0.-}(1 Z
L€y, = AEQA.LE)_ _f’z vog.q2) (17a)
° B (as+ 520
2m+
for positive stress ratios and
(1-0+ a?)

* -n !
Beyg = A8 Lepa o o a7
- 7:'“1_._-1-) 10
for negative stress raltios where AO'S is the range of equivalent stress
according to (5) at 10" cycles.
The equivalent forms for the principal plastic strain range ars obtaimsd
from (3), (5), (11), (13), (14), '(15) and (16):

2
. S o \Lo [y, V=g (i-a+a®)
Aew = K(a- 12')(1.0,-0- 0,2)\2’—". 2' (_A..._O-Q1 )n' (

TN

At St 10 (18a)
for positive stress ratios and )
1 1 . \L/N Vag (1=a+ OLC)
= A:r L]
Ne, = (0.-1)(1-0.4-\12)(2ni 2 ot Y (18v)
1p = Kyla-3 = Zel TF (-

for negative stress ratios.

The principal total strain range is then the sum of its elastic and
plastic components obtained from (17) and (18).

Five independent coefficients, ¢,» n'y k, m and K;, occur in this expres-
sion for the principal total strain range. The values for these coefficients
which provide the least squares best fit to the separated values of total,
plastic and elastic strain range for each fatigus life and stress ratio have
been evaluated numerically. The rasulting equation for the maximum principal
total strain range is as follows:

. =0.171301-ara?)

B¢y = 2.k x 107 $120.28 e (e 2

-2
28 * 2,856'N -0.489(1- x4+
_Z.L__82 £ 1y 2
(»‘-'*0.03 ) 1""!;0 {14+ 2) (19a)

-8 2.0.9
+2,37x107 7 (1=0.5) (1-L+0")

for positive stress ratios and 2
(=0,1713(1 -0+ %)

In
- -3 _(-0,28)°f ~ )2
Agy = 2.4 x 1073 Eseg bt (1-)
, \-0,1&820-“#4.‘2!
2.856'N (1= )2

0.928

-8,. 2 2
+2.37x10700-0.5) (1w 2) T (B (19b)
for negative stress ratios. This equation describes a surface representing
the larger principal strain range as a function of stress ratio and fatigue
life. Its separate terms describe equivalent surfaces for plastic and elastic
strain ranges.

10°
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13, COMPARISCN WITH EXPERIMENTAL DATA

The degree to which these expressions represent the data i3 indicated in
Figure 1 whore sections through these three surfaces are compared to the
measured data points. The data, when transformed into ratios of measured
to calculated strain range, are distributed normally about the fitted
surfaces, Sixty per cent of the measured strain range values are within 12
per cent of the calculated values, and 90 per cent of the data within 23 per
cent.

The correspondence with the individual data points is best for the elastic
strains and poorest for the plastic strains., The generalized equation under=
estimates the fatigue life for the data obtained at a stress ratio of 1,21,
For 0.50 stress ratio, the equation overestimates the fatigue 1life. These
errors of fit are larger at the shorter fatigue lives investigated. The dis-
crepancy in this part of the domain is the most serious divergence from the
data, It indicates the need for additional fatigue testing under positive
stross ratios at strain ranges to produce failure in 1 to 10" cycles.

Contours of equal fatigue life according to (19), showing the influence of
stress ratio on fatigue behaviour based on total strain range and on stable
stress range, are given in Figures § and 6., These figures also include mean
and scatter band width data, interpolated from the experimental values,
corresponding to fatigue lives of 103, 10’ and 107 cycles. The contours of
each figure show progressive variation with fatigue life. All other theories
that have been used give contours that are geometrically similar for each
fatigue 1ife. The difference in the appearance of these equivalent sets of
contours emphasizes that cyclic strains of sufficient amplitude to cause low
eycle fatigue are related to stresses through non-linear laws,

i, PRIDICTED FATIGUE LIFE CONTOURS BASZID OF STRAIN

The contours of Figure 5 indicate that for maximum principal strain ranges
above 0.003, the shortest fatigue life occurs under the equibiaxial stress
state. On the other hand, the data points for this range of strains indicate
that the most damaging biaxial stress state is at a stress ratio of around
0.5. At principal strain ranges below 0.003, both the contours and the data
points show that the torsional fatigue tests give the shortest lives. They
also show that, at all principal strain ranges studied, uniaxial stressing is
the least damaging biaxial state.

The data points in Figure 5 indicate the range of the effect of stress
ratio on fatigue life at constant maximum principal strain range. The ratio
of maximum to minimum fatigue life varies from about 3 at the longest to more
than 30 at the shortest fatigue lives studied.

15, PREDICTED PATIGUE LIFE CONTOURS BASED 7 STRISS

When the loading condition 1s expressed in terms of stable stresses, the
contours and interpolated test data shown in Figure 6 describe the influence
of biaxiality. The data points indicate that at constant maximum principal
stress range, the longest fatigue lives occur under uniaxial stressing. The
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contours are in egreemsnt with this at the shorter lives studied. However, as
the fatigue life inoreases from 10° to 105 cycles, thoy show sligh: longer
fatigue lives at increasing values of positive stress ratio. At 10 cycles,
the least damaging stress ratio is about 0.8.

For all fatigue lives, the most damaging stress ratio for each value of
maximum principal stress range is pure shear loading. At each value of maxie
mun principal stress range, the ratio of maximum to minimum fatigue life due
to blaxiality is over 100 throughout the life range investigated.

16, COMPARISON OF EXPERIMENTAL DATA WITH OTHER BIAXIAL CRITERIA

It is pertinent to compare data of this study with the predictions of
this generalized biaxial equation and of other procedures in common use.
Alternative criteria chosen for comparisen are the maximum range of temsile
stress after Crosby et al [5] and the von Mises relaticmship applied to total
strain range preferred by Taira et al [7]. The method used in the ASME Boiler
and Pressure Vessel Code, Section III [8], is also compared to the data. To
make these comparisens, the curves fitted to the uniaxial data shown in Figure
1 are used for roference purposes,

The values of range of maximum prineipal stress or strain at stress
ratios of 1, 0.5, -0.5, and -1 for fatigue lives of 103, 10* end 10 cycles
according to these four thoories have been derived from these uniaxial datae.
The resulting values and comparable values interpolated from the expdrimental
data are presented in Table 2. Contours describing the two criteria based on
total strain are included in Figure 5 and describing the criterion based on
stress in Figure 6. These contours are shown for one fatigue life only for
simplicity. Contours for other fatigue lives are geometrically similar and
so can be obtained by scaling according to the appropriate uniaxial stress or
strain range.

17. MAXIMUM TENSILE STRESS AND VON MISES CRITERIA

The meximum tensile stress range criterion (Figure 6) underestimates the
fatigue life for negative stress ratios throughout and for positive stress
ratios at fatigue lives of 10’ and less. At 10 cycles, the maximum difference
from the data occurs at a stress ratio of -1 where the criterion overestimates
the fatigue life by more than one hundred times,

Figure 5 shows that the von Mises criterion based on total strain range
is also non-conservative over much of the range investigated. The largest
differences occur with stress ratios of -1.0 and about 0.5. The differences
are greater for shorter fatigue lives and for the positive stress ratios. The
greatest difference of predicted fatigue lives is of the ordsr of 100
occurring at a stress ratio of about 0,5 at 103 cycles.

18. CRITERION OF ASME NUCLEAR CODE
Figure 5 also shows the contour according to the ASME Nuclear Code [8].
This method of design uses a fictitious stress intensity calculated by elastic
theory. This is compared to a fatigue curve, based on controlled strain uni-
- axial fatigue tests, containing a safety factor and a correction for mean
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stress.

Only that part of the Nuclear Code which corrects for blaxiality is
examined by compariscn of contours in Figure 5. It is seen to be comservative
at fatigue lives of 107 and longer and for negative stress ratios at lives
longer than 10° cycles. The maximum divergence from the data points is for
stress ratios above 0.5 at 103 cycles. The code underestimates the fatigue
lives in this region by a factor of close to 10, The comparable factors for
fatigue lives of 10" and 105 cycles are about 3 and 1 respectively. Thus use
of the standard method can give unsafe designs when exceptionally few cycles
are expected.

19, PROPOSED BIAXIAL CRITERION

The curves of Figure 5 corresponding to the relationship for bilaxial
fatigue developed in this study give better correspondence to the data than
these alternative criteria. The maximum divergences from the data are at a
fatigue 1life of 103 cycles under positive stress ratios. The maximum non-
conservative error in life prediction 1s a factor of approximately 3.

The relation for biaxial fatigue developed in this paper is based on
tests on mild steel and further work must be done before it can be applied
generally. If this relation is found appropriate the five parameters required
" can be obtained from two series of principal strain controlled, fully-- - ~
reversed, constant amplitude, biaxial fatigue tests in which principal strains
and load are measured. Two stress ratios which might be used are uniaxial
stressing and 0.5 stress ratio. The first employs standard techniques while
the second can be achieved by pressurizing capped thin-walled tubular speci-
mons from the inside and outside alternately. These two tests are relatively
simple to perform, and give values of strain ratioc that are well separated. -4
positive stress ratio is preferred to a negative stress ratio as the critieal
fatigue behaviour is found with a stress ratio between 0.5 and 1.
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k'= 0.166

n' = 0,314
AC Ne

A€
—%  _ksi_  _Cycles
0.198 ho.g 97%2 00*

0. g 90.4 919
e Bn o igd
o:ggﬁ 2.0 5633
1.469 93.0 1750
A
gt Haoi 248
6.11 192.8 97
14,06 184.4 24
1.21 STRESS RATIO
gircu.mferential
Strain Control
¢ = =0.315
kt*= 00083
n' = 0.368
A, 40, Np
ksl _Cycles
0.183 go.g 3036%
0.20 0.
0.242 53.6 23281
0.254 58.8 10400
0.259 60.1 16262
0.299 67.3 121495
0. 344 71.5 2600
0.371 65. 696
0.k03 70.7 220
3,89 STRESS RATIO
Circumferential
Strain Control
= =0.375
4€, A0, Ne

2% _xsi  Cycles

0.111 20.1 21
0.179 24.0 589

*Unbroken Specimen

FATIG

AXTAL TEST

Transverse
in

Specimens
i

c ==0.921
k' = 0.199
n' = 0,294

ac A0

0. l"!' 52-
0.&1&5 56.
0.1‘82 22.
0.603 .
o
1153 s
2.20 102.
2,500 108.

0,50 STRESS RATIO

Circumf

erential

Strain Control

ot
nonn

-0.259
0.108

e o
-*NNWNOOF
- Q
£ Ez
[a)
ol
o

(=]

.

~

—h
N O\NOwn\nwnAn
\ANNO OO

= S

Axial S
Co

¢C = =
kl

S _RATIO

train
o)

0.443
0.219

T DAT

TORSIONAL TEST
Shear Strain
—-Control _

c = -0.406

k' = 0. 589

n' = 0.271

ac, a0, Tt

% = _ksi Cucles
0.231 &3.8 93362%
o.a y §0,8 302
0.k 37.1 16785

3,89 STRESS RATIQ
Axial Strain
—Control,

¢ = -0.332
k' = 0.172
n' = 0. 572

A€, A0, N,
%  _ksl Cycles
0.346 50.9 48162
0. 1g 99.7 1991k
o.;gs 38.$ 13182
o. 3. 1
0.615 7.2 9788
0.702 3.8 3128
-0, 34 STRESS BATIO
Circumferential
Stra C
0.3
0.214
0.307
2 40, Ne
z ksl Cyecles
0.348 46.8 53;%#
28258
0.604 0.5 11316

6498
0.693 64,2 h87g
0.750 6u.k 330
0.321 67.0 2835

c
k!t
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IABLE IT

COMPARISON OF EXPERIMENTAL DATA AND
BIAXTAL FATIGUE FAILURE CRITERIA

Values of maximum principal stress or strain range
in direction of maximum principal stress.

FATIGUE LIFE IN CYCLES
103 10t 10%
Stress Stress ' Stress

Stross | Range | Strain} Range | Strain| Range | Strain

Ratio | in ksi | Range | in ksi| Range | in ksi| Range
Values Interpolated (o} 108.6 | 0.0191 73+2 | 0,0074] 49.4 | 0.0033
{rom Experizental | o5 78 |o.0064| 65 | 0.ooM1| 55 | 0.co28

-0.5 69 | 0.0111 53 0.0055 4 0.0030

-1.0 51 0.0106 42 0,0050 32 0.C027
Biaxial Fatigue
Failure Criterion
Maximum Tensile
Stress 108.6 -_— 73.2 _— 4ol -—
Von Mises using*
Total Strain 1.0 haad 0.0096 hand 000037 - 000017
Nuclear Code -_— 0.,0110 -_— 0.0050 -— 0.0023
This study (19) 85.8 } 0.0050| 70.5 | 0.c039| 57.9 | 0.0c027
Maximum Tensile
Stress 108.6 — 73-2 b d u9.h —
Von Mises using*
Total Strain 0.5 -— 0.0165 —_— 0.0064 -— 0.C029
Nuclear Code - 0.0150 - 0.0062 -_— 0.0028
This study (19) 91.0 | 0.0079] 71.8 | 0.co48| 56.7 | 0.0030
Maximum Tensile
Stress 108.6 d 7302 —-— ,"9.“’ -—
Von Mises using*
Total Strain -0.5 — -|o.0180f — | 0.0070{ — | 0.0031
Nuclear Code | - 0.015% -_— 0.C057 -— 0.0025
This study (19) 68.1 | 0.0111 50. 1 0.0055| 36.9 | 0.C029
Maximum Tensile
Stress b 108.6 — 73.2 -— 49,4 -—
Von Mises using*
Total Strain =1.0 -— 0.0165 -— 0.006L4 -_— 0.0029
Nuclear Code -— 0.0136 —_ 0.0049 —_— 0.C021
This study (19) 51.2 | 0,0097| 38.1 | 0.0049| 28.3 | 0.0026
* Using 0.5 Poisson's ratio
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PRINCIPAL STRAIN RANGE

3
T T oy T
L~\~ F -343 STRESS
0.033 = ~ ~~. RAT:O ]
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=
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s P 1 n
om0 b
oo |-
o002 |-
oom | S
1 sl N
s0) 100
CYCLES TO FAILURE
0 TOTAL STRAIN RANGE: ®0 PLAETIC STRAIN RANGE:

¥ ¥ ELASTIC STRAIN RANGE: = UNDRONEN SPECIMEN
CURVES FITTED TO DATA OF EACH TCST sEmitn
wnnne=e BAXAL FATIGUT CRITERON

1. UNIAXIAL, TORSIONAL AND BIAXIAL FATIGUE DATA
Total, Plastic and Elastic Ranges of Controlled Strain
versus Fatigue Life
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T T T T T T T
200 |- -
[ ]
00 |- 20 ) i
50 |- -
{ 1 1 | 1 1 l
0.001 0.0 0.l
OCTAHEDRAL PLASTIC STRAIN RANGE, A€p
SYMBOL o [ a a A v a *
STRESS RATIO [e 0] ] L21 0.50 3.89 -3,63 —0.34 - 1.00
%, NORMALIZED CYCLIC STRESS-STRAIN CURVE
0.005
PRINCIPAL STRAIN RANGE d(.
0,000 )
0.015 0.020

PRINCIPAL STRAIN RANGE A€,

—0.005

=0, 0l0

5

——— ASME NUCLEAR CODE FOR N, = 104
— .-~ VON MISES THEORY FOR N, =104
THIS STUDY

INTERPOLATED TEST DATA
10] cycLES

I()S CYCLES
10 CYCLES

BIAXIAL FATIGUE RELATION FOR MILD STREL

Equal Fatigue Life Contours Based on Total Strain Range

Stress ratios shown in brackets.

Fatigue lives in cycles.
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— ==~ MAXIMUM STRESS

80 | THEORY FOR
109 CYCLES
N THIS STUDY y
TEST DATA /
60 - | —e—1 103 CYCLES .

—e—i 104 CYCLES
—%— 105 CYCLES -

4

BIAXIAL FATIGUE RELATION FOR MILD

STEEL

Equal Fatigue Life Contours Based on Stable Stress Range

Stress ratios shown in brackets.

Fatigue lives in cycles.
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DISCUSSION

E. KREMPL, U.S. A,

Q

static presgsure. This correlation supports the fact that the fatigue phenomenon is different

The criterion used to best correlate the result is sensitive to superposed hydro-

from yielding as it is sensitive to superposed pressure. Therefore, no yield criteria should

be used for the correlation of fatigue data.

D.G. HAVARD, Canada

A

of the applied stresses (hydrostatic stress) as well as to the maximum difference between

The criterion developed shows the fatigue failures to be sensitive to the average

principal stresses. There was no mean pressure in the tests performed as fully reversed
strain control was used, however the form of the criterion strongly suggests sensitivity to
mean pressure.

The endurance limit under biaxial stressing has been experimentally shown, for ductile met-
als, to depend on stress ratio in a similar manner to yielding. However yielding and fatigue
are indeed significantly different phenomena and theoretical contraints on the form of the

yielding relationships (such as concavity) do not apply to fatigue relationships.

G. HILLS, U. K

Q

paper. It is this diagram, giving a comparison with the ASME code, that I would wish to

I note the last slide you have shown was not included as a figure in the printed

comment on.

In using the ASME code, account of biaxial stresses in fatigue is considered by using ''stress
intensity" when entering the fatigue curve. The ASME code therefore allows for a biaxial
condition according to the Tresca criterion.

Has your comparison taken account of this knowledge ?

D. G. HAVARD, Canada

A

obtained superimposed upon the ASME pressure vessel code, Section IIl curve for design

The last slide shown is presented here for reference. {t depicts the fatigue data

against fatigue. The experimental data have been reduced to equivalent values of Sy (or
"stress intensity') using the procedure suggested in the code for use in design. The code is
in fact based on strain controlled fatigue data converted to "'stress' units by the use of a
modulus value. As such the maximum difference in these "stresses'' is not truly the Tresca
criterion but some modification of it. It is included in the contours shown in Fig. 5 of the
paper.

The new figure presented here shows that the design curve of the pressure vessel code re-
tains conservatism over the data points but with a significant reduction in safety factor, par-

ticularly for positive stress ratios at the shortest lives studied (103-104 cycles). Modifications
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that might be introduced, based on the criterion developed in this paper and a safety factor

of close to 2 on the data points are indicated by dashed lines below the code design curve.

'05_ T T T T T T 7717 T T T T T 11T T T T T T T 71T1]
- 0 o -1
= [(] -1
- -0.3 * 0 —
= (-0.7, =0 “E'__':,I‘?I':lféﬂ- o = -1
©.2 CRITERION e

[(] . 05

104

©.7

PROPOSED

MODIFICATIONS

STRESS RATIOS <
a =034

ASME PRESSURE VESSEL
CODE FAILURE CURVE

ASME PRESSURE
VESSEL CODE DES{GN CURVE

| S I T N | Il 1 TR |

103

104

105

108

NUMBER OF CYCLES

Fig. 7 - Comparison of ASME pressure vessel code fatigue failure and design curves
with biaxial fatigue test data.

Including curves representing the biaxial fatigue criterion and proposed modifications
to the code design curve for various biaxial stress ratios (shown in brackets).

Q R.J. DOHRMANN, U.S A,

In the reporting of your fatigue data what criterion of failure was used and how

was it determined and measured ?

A

tected through adistortion of the hysteresis (stress-strain) loop that was observed on an

D. G. HAVARD, Canada

The fatigue tests were terminated when the presence of a small crack was de-

oscilloscope or a plotter throughout these tests. This distortion corresponded to a small
drop in load due to a minor crack. It is therefore considered that the end point represents
all of the stages of deterioration up to crack initiation and some small part of the crack

propagation stage.



