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ABSTRACT The biaxial low-cycle fatigue of A-516 Grade 70 steel is evaluated by means of
experimental data from 44 fully-reversed strain-controlled tests on thin-walled tubes subjected
to combinations of cyclic axial loading and external-internal pressure. Fatigue results are
presented, including the determination of the principal stresses, the axial and circumferential
elastic moduli, the effective Poisson ratio, and the elastic, plastic, and total components of the
three principal strains. Stress and strain-based criteria, taking into account the hydrostatic
pressure effect on the fatigue life, are proposed. In terms of stresses, a relation of the form G (1,
L, N;) = lissuggested, while in terms of strains, the best correlation is obtained with the relation
Waw + f(g) = C, where g, = ¢, (the normal strain acting on the maximum shear strain plane)
when stress ratios are negative, or & = ¢, (the hydrostatic tensile strain) when stress ratios are
positive.

Introduction

Most metallic structures and components are subject to complex cyclic load
histories which cause metallurgical damage in highly stressed locations that
cventually may result in fatigue failure. In the study of multiaxial low-cycle
fatigue, engineers attempt to derive, from simple laboratory test data, theories
which will permit an adequate assessment of fatigue behaviour of material
under complex stress—strain conditions. Many studies have been made both to
generate valid experimental data and to propose adequate criteria for correlat-
ing the available test results. Most experimental results have been obtained
from cyclic tension—torsion tests on thin-walled tubes for which the strain ratios
are limited between —1 and —». However, there exist very few experimental
data for the positive strain ratios, since they require complicated testing devices
using cruciform specimens or thin-walled tubes subjected to combinations of
axial load and pressure. This investigation was undertaken to assist the
development of fatigue life prediction methods for components under general
states of large cyclic strains.

In this study, the high-strain biaxial fatigue behaviour of A-516 Grade 70
steel is experimentally examined. The experiments have been conducted under
biaxial states of controlled strain. The specimens used were thin-walled tubes
subjected to combinations of cyclic axial load and fluctuating internal-external
pressure. Fatigue results from 44 tests are presented, including the determi-
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512 BIAXIAL AND MULTIAXIAL FATIGUE

nation of the principal stresses, the axial and circumferential elastic moduli, the
effective Poisson ratio, and the elastic, plastic, and total components of the
three principal strains. Fatigue life prediction is evaluated by means of a
stress-based and a strain-based criterion, taking into account the hydrostatic
stress (or the hydrostatic strain) effect on the fatigue life.

Notation

A, Enitial cross-sectional area

b,c Strength and ductility fatigue exponents

do,di,d, External, internal, and mean diameters

E Young's modulus

E® Biaxial elastic modulus

Fmax Fmin Maximum, minimum axial load

I Firststressinvariant, I; = g

1 Second stress invariant, I, = }(o, ~ 00)

I Second deviatoricstressinvariant, J, = (11/3) - I,
N; Number of cycles to failure

P, Constant external pressure

PP pPn Maximum, minimum internal pressure

{ Initial wall thickness

TF Triaxiality factor, TF = I, /(3],) "

Ve Failure strain for cyclic torsion

5¥max Maximum shear strain

¥s Fatigue biaxial strain parameter

€ Equivalent strain

£ Fatigue ductility coefficient

Ep Failure strain for cyclic axial loading

Em Hydrostatic tensile strain (three times); e, = &, + &, + &3
&n Normal strain on the plane of maximum shear strain
&> & >¢y  Principalstrains

v Poisson’s ratio

Veg Eifective Poisson ratio

Q Strainratio; ¢ = g,/e,

d Equivalent stress

ot Fatigue strength coefficient

OF Failure stress for cyclic axial loading

Oy Normalstress on the plane of maximum shear stress
75 Fatigue biaxial stress parameter

Go.2% Yieldstressat0.2%

o>, >0y Principal stresses

Tinax Maximum shearstress

Indices

a,t,r Axial, cirenmferential, and radial directions

e, p Elastic and plastic components



LIFE PREDICTION IN BIAXIAL LOW-CYCLE FATIGUE 513
Previous work on multiaxial low-cycle fatigue

Experimental and theoretical work on multiaxial low-cycle fatigue was recently
reviewed by Krempl (1), Brown and Miller (2), and Garud (3). A brief review
is now presented in which fatigue life prediction is evaluated by means of
stress-based, strain-based, and energy-based criteria.

Stress-based criteria, adapted from static yield criteria, were applicable
primarily in the high-cycle fatigue regime. Two criteria, namely the Tresca
criterion and the von Mises criterion, have sometimes been used successfully in
the low-cycle fatigue life prediction of ductile metals. Other stress-based
criteria have been developed later, from a wide variety of results on various
steels and aluminium alloys. For isotropic materials, they can be expressed in
two general forms. The first one is defined in terms of the stress invariants by

(D)
G(Ils IZ: NF) = ] (1)

A particular form of this equation is the Gough ellipse quadrant relation
expressed as follows

(i)z + (L)z =1 or —ii— = 1—22 = (2)

OF Tf

in which o and 7y represent the stresses for failure at a given number of cycles
for axial and shear cycling alone. Gough’s relation reduces to the Tresca
criterion when og/tr = 2, and to the von Mises criterion when o/t = \/3. Sines
(5) has proposed a relation which takes into account the static stresses
superimposed on the cyclic stresses

GJ%?:)‘C!. + bIl stat, — 1 (3)

The second form of the stress-based failure criteria is

Tmax + f(0,) = 1 4)
According to this theory, failure occurs at a given number of cycles when the
maximum shear stress, modified by the normal stress acting on the plane of
maximum shear stress, reaches the failure stress in pure shear. Particular
expressions of equation (4) have been proposed by Stanfield (3)

. T — Op/2
+ ki, =7 with k= —_EF< 5
Tmax 10 Tp Wl 1 op 2 ( )

and McDiarmid (6)

_ Ty — 01::./2
kl (UF/2)1.5 (6)

These criteria reflect the physical observation that low-cycle fatigue depends on
superimposed pressure. They have been experimentally verified for ductile
metals under cyclic tension-torsion loadings (2)(7)—(9) and under fluctuating
internal pressure and axial load (6).

Tmax + k20)® = 72 with
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In early studies, the strain-based criteria were also direct adaptations of static
failure criteria. The octahedral shear strain criterion has been widely used in
tension—torsion low-cycle fatigue, successfully in some cases, but not in others
(2). An effective total octahedral shear strain criterion has been proposed by
Schewchuck et al. (10) in which an effective Poisson ratio, varying from its
clastic value to its plastic value, is used to determine the third principal strain.
This approach has been verified by Ellison ef al. (11) from experimental results
on RR58 aluminium alloy. However, serious fundamental objections were
raised against the criteria extended from yield theories. It has been
demonstrated (12)(13) that superposed hydrostatic pressure influences the
fatigue life in the low-cycle region. The most dangerous state of strain is
equibiaxial loading where, in addition to an equivalent strain, there is also a
tensile strain across the crack plane. Libertiny (12) and Pascoe et al. (13) have
proposed a modification of the Coffin-Manson equation

Ae N = C with C=g(C, M), a=h(u, M) (7

where C and « are material constants, C, and ¢, are the values of C and « for
the uniaxial case, and M is a stress- or strain-dependent parameter. Different
expressions for the equivalent strain amplitude and the parameter M have been
chosen according to the experimental data. Such theories are no longer widely
used, since they require extensive experimental studies for the determination
of the empirical parameters.

Another approach to the biaxial low-cycle problem, based on a physical
interpretation of mechanisms of fatigue crack growth, was developed by Brown
and Miller (14). According to this theory, failure under multiaxial fatigue is
governed by the maximum shear strain modified by the normal strain on
maximum shear strain planes. This theory, represented graphically by contours
of equal life on a ‘T'-plot’, is expressed mathematically by

(&1 — &)12 = f{(ey + &)/2} (8)

In their analysis, the authors differentiate between two types of cracks: in case
A, corresponding to a strain ratio between —1 and —v, cracks propagate along
the surface of the specimen, while in case B, corresponding to a strain ratio
between —v and 1, cracks propagate away from the surface. From a wide range
of experimental data, they proposed the specific forms for equation (8) (15)

Vmax ] El‘l ] et
LEE L 4 R) =1 for case A
2g h 9)
Ymax!2 = C for case B

However, they state that the function, f, may vary with life and material
properties and that the shape of the I-plot depends on Poisson’s ratio. Blass
and Zamrik (2)(16) indicate, from cyclic tension—torsion tests on 304 stainless
steel, that a failure criterion based on the shear and normal strains on the plane
of maximum shear strain would be more effective than those based on
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equivalent strain. They use the least square method to fit all the data and
suggest different forms for equation (8) according to the type of cracks. The
principal objection against Brown and Miller’s theory is that it cannot explain
the life reduction experimentally observed for the equibiaxial state of strain
(12)(13).

The hydrostatic stress effect on the fatigue life has also been analyzed by
means of the concept of effective ductility in multiaxial loading. Davis and
Connelly (17) have primarily demonstrated that loss of ductility always accom-
panies triaxial tension. They have obtained the effective ductility by dividing
the tensile ductility by a triaxiality factor

V2(o, + 0, + 03)
{(o1 — 2)" + (0, — 03)* + (03 — 0y)*}1?

TF = (10)
TF is equal to zero for pure torsion, to one for uniaxial loading, and to two in
the equibiaxial case. This concept has recently been used in the development of
low-cycle fatigue life equations (18)—-(20).

The modified equivalent plastic strain is expressed as follows

A*F = MF. Ae* (11)

where AT is the equivalent plastic strain range, MF = 1/(2 — TF) if TF < 1 and
MF = TFif TF = 1, according to Manson et al. (18), MF = 2(7F=1 according to
Marloff et al. (19), and MF = 1/(1 — mTF) with 0 < m < 0.5, according to
Mowbray (20). Unfortunately, data in low-cycle fatigue, for which elastic and
plastic strain components can be separated are very limited and the correlation
of some available data by means of equation (11) does not lead to a good
agreement.

Attempts have been made to relate fatigue life with the plastic strain energy
dissipated during a cycle. This approach is based on the hypothesis that fatigue
damage is proportional to the change in internal strain energy. In uniaxial
low-cycle fatigue, it has been demonstrated (21)—(23) that fatigue life can be
correlated with the plastic strain energy per cycle W, by the following relation

1-n'

W:
C 14+n

Ac-Ae® = KN§ (12)

where n’ is the cyclic hardening exponent. Generalization of this relation to the
multiaxial case has been proposed by Ellyin (24) and Leis (25). They proposed
a total octahedral internal energy parameter per cycle

Uy = G,AF + AG- AT (13)

where 0,,, A€, and Ao are the equivalent components of the mean stress, strain
range and stress range. Since studies involving this energy-based approach are
yet very limited, no accurate experimental verification of this criterion has been
established up to now.
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Experimental rig and test procedure

Three different techniques, with different testing systems and specimens, have
been used to perform multiaxial fatigue tests: cyclic bending of beams and flat
plates, testing of cruciform specimens and thin-walled tubes. The most popular
specimen is the thin-walled tube, where deformation can easily be measured by
strain gauges or transducers. The state of stress is essentially biaxial, since the
stress component through the wall is negligible. The combination of push—pull
with cyclic torsion is used more because of its simplicity and the possibility to
perform such a test at elevated temperatures. However, it should be noted that
the major disadvantage of this combination is the limited range of principal
strain ratios (—v < ¢ < —1). On the other hand, a combination of axial load and
internal-external pressure allows tests with any circumferential to axial strain
ratio. This type of test is complicated, since a pressure vessel is necessary and
only a limited amount of work has been done (26)(27).

In this study, we use this last type of test to perform biaxial low-cycle fatigue
tests. Tests were carried out on the modified servo-controlled electro-hydraulic
closed-loop MTS system described in (28). The loading system allows for an
independent simultaneous application of a maximum axial force of 110 kN and
a maximum external or internal pressure of 35 MPa. During biaxial fatigue
tests, a constant external pressure of 17.5 MPa is applied on the thin-walled
tubular specimen through a pressure vessel, while a cyclic internal pressure is
introduced inside the specimen. The thin-walled tubes have an external
diameter of 27.178 mm, a gauge length of 5.0 mm, and the wall thicknesses are
0.762 mm for negative strain ratios and 0.508 mm for positive strain ratios. A
smaller wall thickness was chosen for positive strain ratios to produce
sufficiently large plastic strains with the available maximum pressure. They are
cut parallel to the rolling direction from a 38.1 mm thick plate, drilled and
rough-machined, and subjected to a full anneal in an inert-atmosphere oven at
870°C for one hour. Final machining is performed with progressively fine cuts
until the required dimensions are attained. The multistage process followed in
designing this specimen is explained in (29).

The deformations were measured with a 5 mm gauge length axial extenso-
meter and a diametral extensometer with a flexible semi-circle holding it
against the tube at two opposite locations.

The servo-controlled biaxial test machine is used in conjunction with a 48K,
8 simultaneous input channel digital data acquisition system described in (28).
Measurements from load cells, pressure tensors, LVDTs and transducers are
transmitted to the data acquisition system through the servo-controllers.
Assembler language programs have been developed in order to allow data
acquisition in a real time environment. A program reads and stores all required
information in memory; afterwards, BASIC language programs reduce the
data and transform them to their physical units before storing them on diskette
and displaying them on a terminal or printer.
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Table 1  Uniaxial mechanical properties of A-516 Grade 70
steel obtained from solid cylindrical specimens

Direction

Properties Longitudinal Transverse
E(MPa) 204000 205000
0.2, (MPa) 325 358
o;(MPa) 993 994
& 0.386 0.396
n' 0.193 0.222
oi(MPa) 841 938
g 0.204 0.314
¢ —=0.499 —-0.512
b —-0.102 —0.114

The material chosen for this investigation was ASTM A-516 Grade 70 carbon
low-alloy steel used in the manufacture of high-temperature pressure vessels.
First, uniaxial static and cyclic tests with solid cylindrical specimens have been
completed. The chemical composition, the mechanical static properties, the
cyclic response, and the uniaxial fatigue curve have been reported in (22).
Some uniaxial mechanical properties obtained from solid specimens cut parallel
(longitudinal direction) and perpendicular (transverse direction) to the plate
rolling direction are given in Table 1. These results show that the material has
approximately the same mechanical properties in the longitudinal and trans-
verse directions. In a second series of tests, fully-reversed constant-amplitude
strain-controlled tests on thin-walled tubular specimens were conducted at
room temperature.

The controlled strain ratios (o = Ae/Ae,) were: —1.25, —1.0, —0.80,
uniaxial, 0.0, 0.5, and 1.0, and the fatigue life varied from 180 to 82000 cycles.
The uniaxial strain ratio results of the application of an equal internal-external
pressure and a cyclic axial load on the specimen. During each test, maximum
and minimum values of axial and circumferential strains and stresses were
recorded at each desired number of cycles. The fracture time was determined
when the stress amplitude in any direction became unstable which may be
considered equivalent to the development of an engineering crack. A 5 per cent
variation from the stabilized stress level is generally adopted by workers using
thin-walled tubular specimens under pressure (11). Depending on the kind of
test and the location of crack, the axial or circumferential stress amplitude
either decreased or increased.

Fatigue results

The variables measured during biaxial fatigue testing under axial load and
pressure are the axial strain amplitude, e, , the circumferential strain amplitude,
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e, the axial force, F, the internal pressure, P;, and the constant external
pressure, P,. The principal true stress ranges are as follows

Ag, = (o7 — o7")(1 + &,)
Ag = (0T — o™ + &) (14)
Ao, =0

where the superscripts max and min indicate maximum and minimum stresses,
respectively. In terms of the measured parameters, we get

max _ F™ + [ldiPI"/4

’ Ao (15)
gnin = FM° o+ TId3PY™/4
@ AD
forp < —vand
gooe = I+ TIdEPP™/4
ﬂ Ao (16)
goin — F™° -+ TIdEP/4
a Ao

for ¢ > —v. For all strain ratios, the circumferential stress components are
given by

o7 = e (pp - )
a7

gmin = (51;1 (P;nin - Pe)
The experimental stress and strain components computed from measured
variables for 44 tests on thin-walled tubes in biaxial low-cycle fatigue, are
reported in Table 2. It can be noted that the strain amplitudes are small for the
two positive strain ratios of 0.5 and 1.0, since at higher cyclic strain ranges,
there is some buckling of the specimen,

The elastic and plastic components of the axial and circumferential strains
are given by

el = Ao, l2EE, £h = &, - £ 18
¢ = Ao J2ES, &= — (18)

where E¢ and E{ are, respectively, the axial and circumferential elastic moduti,
the mathematic expressions of which are

E(1 + v°p) EQ + i)
9 — g =
B =G omts  Em S (19)

P _
a
t
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Table 2 Biaxial fatigue data

Specimen p =5 g(E) g(*) o7 o o’ g Ny

No. e (%) (%) (MPa) (MPa) (MPa) (MPa) (cycles)
K39 1.0 0.078 0.078 227 —115 192 -232 21000
K05 1.0 0.100 0.100 238 —£90 227 -254 3600
K06 1.0 0.125 0.125 265 —189 261 —-271 1660
K0z 10 0.150 0.150 255 —205 285 —~291 600
K38 1.0 (.198 0.198 293 -221 309 —~318 240
Joi 1.0 (.200 0.200 318 —250 296 -303 535
Jo2 1.0 0.247 0.247 316 230 333 ~350 300
K10 0.50 0.130 0.065 268 —~222 178 -212 9500
K12 0.50 0.164 0.082 2496 —250 210 —-228 2500
K14 0.50 0.196 0.098 320 —228 2i9 —234 1800
K17 0.50 0.229 0.115 310 —230 259 —-274 650
K15 0.50 0.262 0.131 336 —250 268 =277 325
K23 0.0 0,172 0.0 291 —243 72 —110 56000
K21 0.0 0.217 0.0 310 —248 99 -124 24000
K18 0.0 (1,260 0.0 350 -279 132 -150 11200
K22 0.0 0.302 0.0 355 ~286 126 -138 7400
K36 0.0 0.346 0.0 379 -303 122 - 140 3200
K32 0.0 0.432 0.0 388 -323 140 -152 650
K35 0.0 0.514 0.0 433 —341 163 -167 180
H22 uni. 0.200 —0.069 278 -256 0 0 66 000
J10 uni. 0.250 —0.083 309 ~201 0 0 37000
Ho4 uni, 0.300 -0.108 361 —-204 0 0 12800
Jos uni. 0.350 —0.130 361 —-330 [¢] 0 10700
HO2 uni, 0.400 —-0.154 404 -335 0 0 4500
J15 uni, 0.500 —~0.215 403 —-370 ] 0 3300
H25 uni. 0.600 —0.240 420 -364 0 0 2000
H26 uni. 0,700 —0.305 446 —387 ¢] 0 700
H20 —(.80 0.189 —{.149 239 -200 153 ~130 82 000
Ji2 -(.80 0.236 —0.186 266 —-220 1i6 —~128 39 500
Ji4 -(.80 0.283 —0.227 275 —-215 133 —146 21 500
Jo4 -0.80 0.330 -0.266 295 —254 110 —134 11000
H21 -1.0 0.174 -{.174 212 —155 155 —-165 38000
I3 ~1.0 0.216 —-0.216 232 -172 158 —158 21000
HO9 -1.0 0.260 —{.260 259 —225 o1 —~260 8OO0
J03 ~1.0 0.303 —0.303 235 —-198 175 —-195 5700
HO6 -1.0 0.340 —{.340 262 ~-232 73 —281 3100
HO05 -1.0 0.430 — (1430 227 -263 83 -304 1900
H32 -1.25 0.151 —{1.189 161 —~124 186 —210 19000
J06 ~1.25 0.189 —-0.234 168 —130 190 —=210 9000
H29 -1.25 0.226 —{.282 208 —161 198 -210 5100
J16 ~1.25 0.265 —{.330 201 —-165 210 -227 2500
H28 -1.25 0.300 —{.375 197 —-166 213 ~243 1600
H30 —-1.25 0.376 —(1.467 230 —-185 218 —245 1200
H3l -1.25 0.452 —{.564 230 —195 235 —276 560
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The theoretical values of these elastic moduli are reported in Table 3 for each
strain ratio and compared with their experimental values obtained graphically
from the stable hysteresis loop. A maximum divergence of 10 per cent is
observed between the theoretical and the experimental values, due principally
to the graphical approximations.

For each strain ratio, the fatigue behaviour may be described by the
Coffin-Manson law

Ae  Ae® | A¥ o}

= > = 5 N+ silVg (20)

This relation is represented in Fig. 1 for the experimental data in the axial
direction. The coefficients of and £{ and the exponents b and ¢, determined by
the least square technique, are given in Table 3. It can be seen that there is a
very small scattering of data around each fatigue curve and that the positive
strain ratios are more damaging than the negative strain ratios. Similar
observations have been made by Ellison and Andrews (11) concerning the
high-strain fatigue behaviour of aluminium alloy RR58, tested under identical
conditions.

Fatigue life prediction

It has been shown in the historical review that fatigue failure criteria in
multiaxial low-cycle fatigue were primarily derived from yield theories and
high-cycle fatigue criteria. Because of the unsatisfactory predictions obtained
with these criteria, new theories have been proposed, which take into account
the factors governing the mechanism of failure. The aim of this study is to
examine the hydrostatic stress effect on the fatigue life and to derive stress-
based and strain-based criteria which satisfy the following conditions.

(i) They should have a physical interpretation and be based on the
mechanism of fatigue crack growth.
(ii) They should take into account the effect of the hydrostatic stress (or
strain) and of the change in ductility.
(iii) They should be derived from simple laboratory test data obtained from
push—pull and cyclic torsion tests.

Stress-based fatigue failure criterion

Failure criteria for combined cyclic stress can be represented in terms of
parametric families of failure surfaces in stress space (1)(5). For isotropic
materials and biaxial state of stress (o3 = 0), they are expressed in terms of the
cyclic stress invariants by

G(lh ]2: Nl') =0 (21)

A more specific form, based on Sines’ relation (equation (3)) can be
expressed as follows
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aV/(31,) + bl, = op (22)

where J, = (32 — L) is the second deviatoric cyclic stress invariant equivalent
to the von Mises effective stress @ , and o = f(N;) is the failure stress at a given
fatigue life in the uniaxial case.

Parameters a and b may then be evaluated from experimental results,
knowing that for an isotropic material, the sum of @ and b has to be equal to one.
This condition will be fulfilled and the hydrostatic stress effect and change in
ductility will be taken into account by introducing the triaxiality factor TF =
1,/(31;)" in equation (22). We get

2 VBh) + 5ty = o 23)
According to this relation, failure occurs at a given fatigue life in biaxial
low-cycle fatigue when the modified equivalent stress amplitude o;, equal to the
left-hand side of equation (23), reaches the value of the uniaxial stress
amplitude for failure at the same number of cycles. The modified equivalent
stress, g5, computed from derived stress components given in Table 3, is plotted
for all strain ratios against cycles to failure in Fig. 2. An excellent correlation is
obtained for fatigue lives between 10° and 10° cycles. For very short fatigue lives
(N; < 800 cycles), only data at positive strain ratios are available and relation
(23) overestimates the fatigue life. For these strain ratios, severe stress
conditions on the very thin-walled tubes should lead to strain distortion and
buckling which should reduce the fatigue life. In Fig. 3, equation (23) is
represented by constant life lines in the stress plane {TF/(2 + TF)}I, vs
{2/(2 + TF)}o. Failure lines are drawn from uniaxial fatigue failure data
through two points, the coordinates of which are (0, og) for pure torsion, and
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Fig 2 Correlation of biaxial fatigue data by stress parameter o,
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Fig 3 Constant life contours in stress plane

(0.3330¢, 0.6660%) for uniaxial loading. It can be seen that experimental data
derived from results given in Table 4 fall very close to the constant fatigue lines
at 10° and 10 cycles.

Strain-based failure criterion

In multiaxial low-cycle fatigue, failure criteria are most frequently based on
strain parameters since strain amplitudes are usually controlled. In biaxial
low-cycle fatigue, the state of strain is triaxial and determination of the three
principal strains is required. When thin-walled tubes are submitted to combi-
nations of cyclic axial load and pressure, the axial, circumferential, and radial
strains are principal strains such as e, = ¢,, &, = g, and ey = g, forl < p < —»
and g = ¢, &, = &, and g = & for —v < p < —1. The true axial and
circumferential strains are given by £, = In (1 + ¢,), and ¢, = In (1 + ¢,) where
e, and e, are the conventional strains measured and held constant during each
test. The true radial strain is given by

(<]

1 -

/P
(5 + £9) = 55 (e + f) (24)

& = —
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EFF. POISSON RATIO
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Fig 4 Variation of Poisson’s ratio with fatigue life

where the elastic and plastic strain componcnts are determined by equation
(18).

In most studies published in the literature, these components are not
available, and the third principal strain is obtained from the incompressibility
condition (g + & + & = 0). However, this hypothesis which assumes fully
plastic behaviour and a plastic Poisson ratio of 0.50, is not compatible with
cyclic behaviour in low-cycle fatigue. Poisson’s ratio is constant at its elastic
value +© = (.27 in the elastic regions of the hysteresis loop, and increases until
it reaches its plastic value in the plastic regions. Therefore, it is relevant to
define an effective Poisson ratio, v, depending on the strain range. Variation
of this parameter, defined as the ratio of the measured circumferential and axial
strains for uniaxial loading, is plotted versus the fatigue life (proportional to the
strain range) in Fig. 4. Experimental values vary from 0.34 at 66 000 cycles to
0.43 at 700 cycles. An extrapolation for any strain range may be obtained with
the relation v,z = 0.50N7%% drawn through the experimental data in Fig. 4.
When the elastic and plastic components of the measured axial and circum-
ferential strains are not available, the radial strain may be approximated by

b= =g (e + &) (25)
eff

Strain parameters most frequently used in failure criteria, e.g., the octa-
hedral shear strain, £, the maximum shear strain y,,,,/2, the normal strain, &,
and the hydrostatic tension, £, are expressed in terms of principal strains by
the following relations

T (o - )7+ (s = e+ (5= )
Ymaxl2 = (&1 = €1)/2 (26)

g, = (g + £83)/2
e = {6 + & + &)



528 BIAXIAL AND MULTIAXIAL FATIGUE

The octahedral shear strain parameter assumes that the failure mechanism is
controlled by the distortion energy, while with the maximum shear strain
parameter, it is controlled by slip and decohesion processes. The hydrostatic
strain effect which influences dislocation mobility and crack growth rate is
taken into account by the normal or hydrostatic strain parameters. Experimen-
tal values of cach of these parameters, derived from data in biaxial low-cycle
fatigue of A516 steel, are given in Table 3 for each test, and in Table 4 for
constant fatigue lives of 10° and 10° cycles. Table 4 shows that the parameters
and y,.c/2 do not allow a satisfactory correlation between data for a given
fatigue life. Positive strain ratios are much more damaging, permissible strains
being approximately 40-60 per cent lower than those for negative strain ratios.
For a given fatigue life, the ratio of maximum shear strain in torsion to that in
tension is approximately equal to 1.1, and the ratio of maximum strain in
torsion to that in equibiaxial state of strain is approximately equal to 3. For the
same ratios, experimental data of Ellison and Andrews (11) on RRS58
aluminium alloy lead to 1.30 and 2 respectively. The normal strain, e,, vanishes
in torsion and has very low values for the strain ratios 1.0 and 0.5; the maximum
amplitude occurring for uniaxial loading. The hydrostatic tension, &,,, is also
equal to zero in torsion and increases to its maximum value at ¢ = 1.0, when
strain ratios vary from —1.0 to 1.0,

Three states of strain may be considered for derivation of a strain-based
criterion (i.e., torsional, uniaxial, and equibiaxial states of strain). Visual
observations of cracked specimens have shown that cracks are inclined at 45
degrees with respect to the axial direction for specimens tested in torsion, they
are always perpendicular to the axial direction in the uniaxial case and they are
always parallel to the axial direction in the equibiaxial case. For states of strain
corresponding to torsion (—0.75 = o = —1.25), the intermediate principal
strain amplitude, as well as ¢, and ¢, are negligible and the fracture mode is
essentially controlled by the maximum shear strain. For a uniaxial state of
strain with a maximum strain in tension, the other principal strains are in
compression and ¢, is larger than ¢,,. Since the crack direction is perpendicular
to the axial direction, the intermediate strain has no influence on the crack
growth and fracture mode is controlled by the maximum shear strain and the
tensile strain across the maximum shear strain plane. In the equibiaxial case,
Table 4 shows that, for a given fatigue life, the state of strain is such that ¢, =
1, & = & = £, & = & = —¢, £, =0, and g, = ¢;. Cracks propagate in the axial
direction according to the case B propagation mode defined by Brown and
Miller (14), crack openings being influenced by the intermediate principal
strain which acts in tension perpendicular to the crack direction.

A strain-based criterion which should represent each of these failure modes
could be expressed as follows

n=%+kes= C (27)
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Fig 6 Correlation of biaxial data of Ellison and Andrews (11) by strain parameter ¥,
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where & = ¢,if o < —vand ¢ = ¢, if 0 > —v, and k is a parameter depending
on the material properties and the state of strain.

For the experimental data obtained on A516 steel, the following specific
form is suggested

g, = Tk Z(TF — Yewi )es = (28)
2 YFtorsion

in which ypyni and Yperion are the maximum shear strain for a given fatigue life

for uniaxial and torsional states of strain, respectively.

Equation (28) is plotted in Fig. 5 against cycles to failure. A reasonable
correlation is obtained for fatigue lives between 10° and 10° cycles, except for o
= 0.0, for which fatigue life is underestimated. For shorter fatigue life, accuracy
of data is not sufficient to conclude on the validity of the proposed criterion. As
previously mentioned, secondary effects, such as bending strains and buckling,
should reduce the fatigue life for positive ratios.

Equation (27) is used for correlating biaxial experimental data of Ellison and
Andrews (11). When & = 1, we obtain an excellent correlation for any fatigue
life and any strain ratios, as shown in Fig. 6. For uniaxial and torsional loadings,
the strain parameter y; = 3y, + & is identical to the maximum strain, ¢;, while
for positive strain ratios, the intermediate principal strain effect on the fatigue
life is taken into account by the hydrostatic strain component, &,,.

Discussion

Attempts have been made to correlate the experimental data on A516 steel
with other known failure criteria. Evidence given in Table 4 indicates that
stress-based criteria in which the hydrostatic stress effect is not included, i.e.,
the von Mises and the Tresca criteria, lead to poor correlation. Likewise,
criteria based on a combination of maximum shear stress and the normal stress
on the maximum shear stress plane underestimate the permissible stress at a
given fatigue life for positive strain ratios. Since 7,,,, and g, are equal to o, /2 for
positive strain ratios, the effect of the intermediate principal stress, which acts
in tension perpendicular to the crack direction and influences dislocation
mobility, is never considered.

For a chosen strain parameter (equivalent strain, for example), it is generally
possible to find empirical expressions for the coefficient C and the exponent «
of the Coffin-Manson equation (7) to obtain reasonable correlations with
experimental data. Nevertheless, such a relation cannot be used in practice for
fatigue life prediction in multiaxial low-cycle fatigue since an extended experi-
mental programme is needed for the determination of C and «, which depend
on the strain ratio and the material properties.

Agreement is better when criteria are based on total strain components
instead of those based on plastic strain components for the two following
reasons: (a) computation of plastic strain range depends on the stress
amplitudes and the Young moduli measurement (¥ = &' — o/E), (b) plastic
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strain ranges are negligible for o = 0.50 and 1.0 when fatigue lives are greater
than 3000 cycles.

This study, as well as other recent works, has shown that the hydrostatic
tension effect must be incorporated in multiaxial low-cycle fatigue criteria. Up
to now, development of such criteria has been delayed by the limited amount
of available data reported in the literature. In future research in multiaxial
low-cycle fatigue, an important effort should be made to supply this lack of
information. As previously shown, experimental data should include accurate
computation of the elastic, plastic, and total components of the three principal
strains for strain ratios varying from —1.0 to 1.0. Such experimental research
should also be extended to include the effects of temperature, environment,
mean stress and out of phase stress.

Conclusion

In this study, experimental data obtained from 44 strain-controlled tests have
been presented for biaxial low-cycle fatigue of A516 steel. Tests were per-
formed on thin-walled tubes submitted to combinations of cyclic axial load and
fluctuating external-internal pressure at seven strain ratios varying from —1.25
to 1.0. Experimental and derived stress and strain components required for the
development or the verification of failure criteria were computed and reported
for each test. They have clearly shown that superimposed hydrostatic tension
reduces the fatigue life. Two criteria, accounting for the hydrostatic stress or
strain effect have been proposed. Each of them is a modification of a yielding
theory (von Mises or Tresca) by means of a stress or strain parameter which
represents the intermediate principal stress or strain effect on fatigue life.
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