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ABSTRACT  Axial-torsion test equipment allows the fatiguc testing of tubular specimens in
stress or strain space quadrants Il and 1V. Experimental investigations using tubular specimens
in quadrants I and III are made possible by combining axial loads with internal and/or external
pressure. Previous biaxial-tension experimental techniques and data are reviewed. An initial
series of tests was conducted using internal pressure and axial tension on thin-walled tubes. The
tests were run in proportional load control with R, = 0 (corresponding to quadrant I of stress
space). A second series of tests was conducted with the addition of external pressure and a
multiaxial extensometer. This permitted biaxial-tension strain controlled R, = 0 testing into the
plastic range (i.e., quadrant I of strain space).

The materials tested were Inconel 718 and Inconel 718-DA , which has approximately an order
of magnitude smaller grain size. Test results for Inconel 718-DA are compared with uniaxial
data. Fatigue damage parameters employed in these comparisons are maximum principal strain,
maximum principal stress, and a shear strain based parameter. Maximum principal stress
provided the most satisfactory correlation for Inconel 718-DA. Adequate correlation of
biaxial-tension testing to previous quadrant IT and IV biaxial data was achieved for the Inconel
718 by employing a shear strain based parameter. These results indicate that the appropriate
damage parameter for biaxial-tension fatigue is material dependent.

Notation

O;,0,,04 Radial, longitudinal, and tangential stresses
0y,0,,03 Principal stresses

&y €5 Ep Radial, longitudinal, and tangential strains
1, &2, &3 Principal strains

T, Stressratio, g;min/g, max

R, Strainratio, & min/g; max

¢, Biaxial-tension stress ratio, g,/0,

D, Biaxial-tension strainratio, &, /¢,

t Specimen thickness

v Effective Poisson’s ratio

v Poisson’sratio

E Young’s modulus

P, Axial force

P, Internal pressure

P, External pressure
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Introduction

Many components used in the power generation and aircraft industries are
subjected to severe multiaxial stresses. The demand for higher engine efficien-
cies has resulted in increased operating temperatures. In critical applications,
e.g., in the design of a turbine disc, these higher temperatures necessitate the
use of high strength, creep-resistant, superalloys which exhibit nominally
elastic behaviour even at short lives. Major loading cycles, such as ground-air-
ground cycles for aircraft engines and start/stop cycles for standby power
generation, result in fatigue lives for these materials of approximately 10°-10°
cycles.

Fatigue analysis of such components requires the implementation of a
multiaxial fatigue theory. A high cycle fatigue (HCF) stress-based approach
might be invoked if the material displays nominally elastic behaviour. Alterna-
tively, a crack growth model could be employed which assumes an inclusion or
defect to be the initial crack dimension. Finally, low cycle fatigue (LCF)
behaviour (defined here as less than 10° cycles) has typically been formulated
in terms of a strain-based approach,

Biaxial-tension fatigune has been approached via three distinct
methodologies: high cycle fatigue, using stress-based fatigue theories; low
cycle fatigue, using strain-based fatigue theories; and crack growth. These
approaches represent different life regimes and possibly different failure
mechanisms. The somewhat arbitrary definitions of crack initiation proposed
by various researchers may cause the initiation and small crack propagation
approach of low cycle fatigue to overlap the long crack propagation approach.
Thorough reviews of specimen designs, loading apparatus, and damage evalu-
ation techniques are available in the literature (1)-(6). A few representative
works will be discussed here.

High cycle fatigue

Most early researchers found stress-based fatigue criteria to be most applicable
to multiaxial fatigue analysis when observed cyclic plastic strains were orders of
magnitude smaller than the elastic strains. These stress-based criteria are
extensions of static yield theories such as the maximum normal stress,
maximum shear stress, etc., which are primarily limited to high cycle fatigue
analysis (3).

With regard to biaxial-tension fatigue, the work of Blass and Findley (7) on
an AISI 4340 thick-walled steel tube (¢+ = 5.3 mm) shows essentially no
difference in fatigue life for equal biaxial-tension loading (¢, = 1) and uniaxial
loading (¢, = 0) for a life slightly greater than 10° cycles. Data were presented
as maximum principal shear stress versus log life. The work of Bundy and
Marin (8) on the biaxial fatigue strength of 14S-T4 aluminium thin-walled tubes
(+ = 1.3 mm) from 10* to 107 cycles also indicated that fatigue characteristics at
long life for equal biaxial-tension and uniaxial loading cases are similar. These
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data were presented as maximum principal stress versus cycles to failure; they
revealed essentially the same Basquin coefficients and exponents for the S-N
curves. An attempt to correlate test data using a modified energy theory met
with poor results.

Low cycle fatigue

Most researchers involved in LCF have employed strain-based parameters to
present their data. As in high cycle biaxial fatigue, many LCF criteria are
extensions of strain-based yield/failure criteria such as maximum normal strain,
maximum shear strain, etc. There are additional complexities involved in LCF
analysis, namely, the determination, either analytically or experimentally, of
the path dependent cyclic plastic deformation. Cyclic deformation must be
understood in order to formulate the correct stress—strain response which can
then be evaluated by a given failure criterion.

Pascoe and de Villiers (9) tested mild steel and QT35 steel, using cruciform
specimens with a gauge section thickness of 1 mm. Three biaxial-tension strain
ratios were tested and resulted in shear loading (¢, = —1), uniaxial loading
(¢, = 0), and equal biaxial loading (¢, = 1). Choice of strain levels resulted in
fatigue lives of 10%-10* cycles. These tests were performed in load control with
the cyclic limits being determined by strain gauges located in the gauge section.
Data were presented as log maximum principal strain range versus log life.
Equal biaxial-tension loading reduced the allowable strain range by 50 per cent
at 10° cycles, in comparison to the uniaxial loading case. No parameter to
correlate their data was proposed.

Havard ef al. (10)-(12) tested normalized 1018 steel thin-walled tubes (t =
1.1 mm and ¢ = 0.5 mm). Six ratios of axial to hoop stress (different from
biaxial-tension stress ratio), o,/0,, ranging from +3.89 to —3.63 were achieved
by varying specimen geometry and nominal loading. Gauge section exten-
sometry was used to monitor diametral and axial strain. Two specimen
geometries were required to achieve the range of stress ratios tested. Experi-
mental fatigue lives ranged from 2 x 10° to 10° cycles, and data were presented
as log maximum principal strain range versus log life. A comparison of the
uniaxial with equal biaxial-tension data in the form of principal total strain
range at 10° cycles indicated that the biaxial-tension loading case reduced the
allowable strain range 70 per cent from that of the uniaxial case. Originally, a
modified maximum shear-stress criterion (10)(11) was proposed to correlate
the data. The scatter in fatigue life was reduced to within a factor of 5. This
damage model was later changed to an octahedral shear strain criterion
modified by the hydrostatic stress (12).

Andrews and Ellison (13)(14) tested RR58 aluminium alloy thin-walled
tubes with a gauge section thickness of 1.0 mm. Improved gauge section
extensometry, specimen design, and control systems allowed surface biaxial-
tension strain ratio control (¢,) over the entire range of biaxiality. Data for



554 BIAXIAL AND MULTIAXIAL FATIGUE

fatigue lives ranging from 10% to 6 X 10° cycles were presented as log maximum
principal strain amplitude versus log life. The biaxial-tension strain ratio of
¢ = +1 was shown to be the most damaging. The maximum principal strain
amplitude for a 10° cycle life was 40 per cent less than in the uniaxial loading
case. A von Mises equivalent strain function was proposed as the failure
criterion, which was then modified by allowing an effective Poisson’s ratio, 7,
to vary between elastic and fully plastic values. The value of ¥ was dependent
on strain range.

Lohr and Ellison (15)(16) tested 1 Cr—Mo-V steel thin-walled tubes with a
gauge section thickness of 1.0 mm. Significant improvements on Andrews’ (13)
test facility resulted in increased range and accuracy of strain measurement and
control capabilities. Here, specimen fatigue lives ranged from 500 to 10% cycles,
and data were presented as log maximum principal strain amplitude versus log
life. The biaxial-tension strain ratio of ¢, = +1 was again shown to be the most
damaging, with the principal strain amplitude for a life of 10° cycles being 44 per
cent less than the uniaxial for the same life. A simplified theory of LCF
multiaxial failure was proposed which was similar to the maximum shear strain
critical plane theory proposed by Brown and Miller (5) with an important
exception: maximum shear and normal strains on planes 45 degrees to the
surface were always assumed to dictate crack growth through the specimen
thickness and thereby control the fatigue life. For biaxial-tension loading, the
two theories are identical, whereas differences exist concerning principal stress
or strain quadrants Il and IV.

LeFebvre et al. (17) tested A-516 low alloy steel thin-walled tubes with a
gauge length thickness of 0.75 mm and 0.5 mm for negative and positive strain
ratios, respectively. Seven ratios of hoop to axial strain (different from
biaxial-tension strain ratio), gy/¢,, from —1.25 to 4+ 1.0 were investigated under
fully reversed strain control (R, = —1). Data for fatigue lives ranging from 300
to 10° cycles were presented as log stress or strain amplitude versus log life.
Again, the biaxial-tension strain ratio of +1 was the most damaging; the total
principal strain amplitude for a life of 10° cycles was 77 per cent lower than the
axial case.

Crack growth

Investigations of fatigue crack propagation under biaxial loading are commonly
performed on cruciform specimens under load control. This specimen configur-
ation allows for observation of the crack on both specimen surfaces. Stresses
and strains at the crack tip are readily calculated employing the finite element
method. Fracture mechanics concepts can be used to quantify damage and
estimate lives for components.

Charvat and Garrett (18) tested mild steel cruciform specimens with a center
section thickness of 6 mm and a 14 mm centre starter notch. The three
biaxial-tension stress ratios investigated were ¢, = +1, 0, and —1 at a load ratio
R, = 0. Charvat found that ¢, = —1 (compressive transverse stresses)
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accelerated crack growth, whereas ¢, = +1 (equal biaxial-tension) slowed
crack growth with respect to the uniaxial crack growth rate. These conclusions
were strengthened by changeover tests, where the stress ratio was changed
during the tests and subsequent crack growth rate observed. Charvat noted that
the design of his test apparatus eliminated bending induced by cross-axis
loading and the anisotropy due to the presence of the crack. This fixture was
proposed to better represent the effects of biaxial-tension loading.

Hoshide ef al. (19) tested structural low carbon steel cruciform specimens
with a centre section thickness of 2 mm and a | mm centre starter notch. Three
biaxial-tension stress ratios, ¢, = +1, 0, and — 1, were tested at load ratios R,
= 0and R, = —1 (i.e., zero to maximum and completely reversed loading,
respectively). Maximum stresses were the same for all tests and resulted in the
R, = —1 tests having shorter lives than the R, = 0. The R, = —1 tests revealed
the same effect of biaxiality on crack growth rate as observed by Charvat,

namely, ¢, = —1 accelerated crack growth while ¢, = 1 retarded crack growth
relative to the uniaxial case. For R, = 0, the results indicated ¢, = 1 and ¢, =
— 1 slowed crack growth relative to fully reversed testing, with ¢, = —1 having

the slower growth rate. This decrease in crack propagation rate was attributed
to the plastic stretching that occurred on the initial cycles.

Brown and Miller (20) tested AISI 316 stainless steel cruciform specimens
with a centre section thickness of 4 mm and 4 mm centre starter notch. The
biaxial-tension stress ratios investigated were ¢, = +1, 0, and —1; except for
threshold tests, all tests were conducted at a load ratio R, = —1 to avoid
ratchetting. Careful design of a unique specimen resulted in a very uniform
stress distribution without cross-axis sensitivity or induced bending. Results
over a wide range of loads agreed with earlier findings that the shear loading
case, ¢, = —1, increased crack growth rates while the ¢, = +1 loading slowed
growth rates relative to the uniaxial case. A crack growth equation was
proposed based on the crack tip severe-strain zone size.

Discussion of previous research

As can be seen in the preceding brief review of HCF, LCF, and crack growth
approaches, multiaxial fatigue analysis is complex and, at first glance, full of
inconsistencies. For example, when compared to uniaxial data, the biaxial-
tension fatigue data indicate little or no difference in fatigue life for HCF,
severe decrease in fatigue life for LCF, and a markedly decreased crack growth
rate. This suggests that the material dependent damage mechanisms respon-
sible for nucleating and growing cracks to failure for LCF may differ from those
in effect for HCF and long crack growth. Therefore, even for analysis limited
to principal stress quadrant I, no single approach can be applied over the entire
life range.

Specimen geometry plays an important role in interpreting data. For
example, the critical dimension for initiation and short crack propagation tests
on tubes with internal pressure is obviously the gauge section thickness
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(typically 1 mm), since a crack through the thickness will cause leakage and
terminate the test. The final crack lengths for HCF and LCF studies are
approximately the same as the 1 to 5 mm starter notch in a cruciform specimen
used for long crack growth studies. The use of crack growth data from large
cracks to predict crack growth from small inclusion-sized cracks has been
shown to be inappropriate. Most specimen designs for biaxial-tension fatigue
research must compromise uniform stress distribution to some degree in order
to eliminate buckling failure. Some researchers therefore employ several
specimen designs to cover a wide range of biaxial-tension stress or strain ratios.
This introduces additional complexities in analysing the data, since geometry
effects such as bending are different for each specimen design.

Another interesting and often overlooked factor in comparing biaxial-
tension HCF, LCF, and crack growth data to uniaxial data is the difference in
stress or strain response during load controlled versus strain controlled tests.
HCF and crack growth tests are primarily load/stress controlled, while LCF
tests are strain controlled. Figure 1(a) shows a surface element under elastic
uniaxial loading in either stress or strain control with the resulting Mohr’s
circles of stress and strain. If an equal biaxial-tension test is performed in strain
control using the value of ¢, obtained from the uniaxial case (Fig. 1(b)),
considerably higher shear stress or strain occurs. Applying the theory of
clasticity with &, = &y = a1, then &, = —=2v¢,/(1 — »). Calculations of the
anticipated stress responses are 0, = 0, = £,E/(1 — v),0,=0oro, = 1.40, piaxial-
Figure 1(b) shows this dramatic increase in shear strain. The von Mises

equivalent strains also vary from those calculated for the uniaxial test.
If, on the other hand, an equal biaxial-tension test is performed in load

control with the value o, from the uniaxial case (Fig. 1(c)), such that 0, = ¢, =
Tyniaxial ANd 0, = 0, then from elasticity &, = £, = 0,(1 — v)/E and &, = —2v0,/E.
The resulting Mohr’s circle of strain shown in Fig. 1(c) indicates a reduction in
maximum principal strain, while the maximum shear strain amplitudes and von
Mises equivalent strains are identical to those calculated for uniaxial loading.

Keeping Fig. 1 in mind, it is easy to understand why an equal biaxial-tension
strain controlled (LCF) test would appear more damaging when compared to
the same uniaxial strain. One could also rationalize why a biaxial-tension load
controlled test (HCF) would differ little in fatigue life and possibly even benefit
from the reduction of normal strains to the maximum shear plane when
compared to the uniaxial case.

Purpose and scope of present work

Complexities and expenses involved in performing fatigue tests in stress or
strain quadrants [ and ITI are enormous. Therefore, relatively little experimen-
tal work has evaluated material fatigue characteristics for these loadings. The
purpose of this research is to characterize the fatigue behaviour of two Inconel
alloys under biaxial-tension loading. This is part of an even broader overall
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program undertaken to ascertain the multiaxial fatigue behaviour of high
strength alloys.

Material properties and the stress state required for testing play a major role
in specimen selection. These Inconel alloys require high stress levels to obtain
life regimes of 10° cycles or less. The critical location experiencing fatigue
damage in an actual component is often a small region constrained by lower
stress state material. This corresponds to a strain controlled laboratory situ-
ation to which tubular specimens are well suited. Although the volume of
material in the gauge section of the test specimen is greater than that in the
typical component, the resultant fatigue life should be conservative. A
cruciform specimen without a starter notch requires the analytical calculation
of nominal loads to correspond to component strains in the gauge section. For
the strain excursions of interest (i.e., zero to max. biaxial-tension loading), the
cruciform specimen could experience ratchetting uncharacteristic of the com-
ponent.

To preserve the polycrystalline behaviour of these high strength materials,
the wall thickness of the tube should be 10 or more grain diameters (~1 mm).
Loading capabilities of the internal/external pressure system combined with
the required 1 mm wall thickness dictate a specimen diameter of approximately
25 mm to achieve the desired stress levels. Failure cracks 1-2 mm in length
result from the choice of geometry and correspond to the growth of a crack
through the wall thickness. The low fracture toughness of these high strength
materials, in conjunction with the high stress levels desired, result in critical
crack sizes marginally larger than the failure crack size of the tubular specimen.
Fatigue lives obtained from either tubular or unnotched cruciform specimens
should not differ substantially, based on final crack size.

A new test system was commissioned to perform biaxial tests in any strain
quadrant on thin-walled tube specimens. An overview of the system and its
capacities are presented. Biaxial-tension test data from two Inconel 718 alloys
are compared to existing data from strain quadrants II and IV employing
several multiaxial fatigue theories.

Experimental equipment and testing programme

A new multiaxial testing system was developed jointly by MTS Corporation
and the University of Illinois at Urbana-Champaign. This system has the
capability of loading a tube specimen in any stress or strain quadrant through
various applications of tension/compression, torsion, and internal and external
pressure. The system is rated as follows:

Tension load = 445 kN (100 kip)
Compression load = 1112 kN (250 kip)
Internal pressure = 138 MPa (20 ksi)
External pressure = 138 MPa (20 ksi)
Torsion = 5650 kN mm (50 in-kip)

Il
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Dow 550 silicon oil is the fluid used for internat and external pressure.

An MTS model 632.85B-11 extensometer was modified to measure axial,
torsional, and diametral disptacements at pressures to 138 MPa. This was used
to perform direct gauge section strain controf tests. The extensometer is linear
in all three degrees of freedom to within +1/2 per cent over the full range.

The specimens used in the biaxial-tension tests were thin-walled tubes with a
25 mm bore and a gauge section outside diameter of 28 mm (Fig. 2). The finite
¢lement method was employed to investigate the elastic stress-strain response
of the tube specimen to help identify the critical stress—strain location. Model-
ling of the ¢, = 0.93 biaxial-tension loading condition was accomplished by
employing elastic eight-noded, axisymmetric-isoparametric elements arranged
as shown in Fig. 3. Symmetry of loading and specimen geometry allow only half

the specimen to be modeled. Hoop stresses due to pressure loading are nearly
constant in the gauge section. However, the axial stress resulting from either
axial loading or internal pressure exhibits a slight peak (~5 per cent increase)
at the transition from the gauge section to the shoulder, but is constant within
the gauge section. This stress rise is due to bending induced by the shoulder
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Fig 3 Centre section mesh and elastic finite element results

material. A similar phenomenon was noted for this specimen type by Andrews
(13). Pressure induced bending reduced the inner surface axial stress to
approximately 92 per cent of the outer surface axial stress value. Thick-walled
tube constraints reduced the outer surface hoop stress to approximately 93 per
cent of the inner surface hoop stress. The highest stressed region occurred on
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the outer surface at the location of the peak indicated in Fig. 3. The stress
response indicated by this model is employed to assess fatigue damage for
failures noted at this location.

The specimen was gripped with precision machine collets, thereby eliminat-
ing the requirement for threads on the specimen while maintaining excellent
alignment. A mandrel was used to decouple the stresses and strains produced
by internal pressure from the axial loading system. This allowed more direct
control of the principal stresses or strains.

Two Inconel 718 nickel-based superalloys were investigated. AnInconel 718
and Inconel 718-DA were tested with the Inconel 718 grains being randomly
oriented and ranging from (.01 to 0.2 mm, as shown in Fig. 4. The Inconel
718-DA has approximately an order of magnitude smaller grain size. All
biaxial-tension tests were conducted at R, = 0 or R, = 0. Baseline uniaxial data
were generated on smooth specimens machined to ASTM E606 recommen-
dations, with a gauge length of 25.4 mm and a diameter of 6.4 mm. Tests were

Radlal
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Fig 4 Etched microstructure for the coarse grained Inconel 718
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Table 1 Biaxial-tension test data

IN 718-DA
Control parameters Stable halflife values
£ & P,(kN) P;(MPa)
Specimen  max min  max  min  max min max  min (ﬁliga) (cy]:;fes)
08 0004 0 0.0036 0 113.1 -6.6 1329 157 345 30786
09 0006 0 00032 0 1305 -338 1276 7.6 2716 20250
10 0006 0 00032 0 1283 -142 1241 55 279 17330
Control parameters
P,(kN) P;(MPa)
Specimen max min max min P,(MPa) Ni(cycles)
05 110 0 98.3 0 0 42280
06 110 0 98.3 0 0 26370
IN 718
Control parameters
P,(kN) P;(MPa)
Specimen max min max min P,(MPa) Ni(cyeles)
01 110 0 98.3 0 0 30790
02 110 0 98.3 0 0 35910

performed under strain control with R, = 0. Tube specimen tests under axial
loading with R, = 0 displayed fatigue lives similar to the smooth specimens.
This indicates that, for this material, geometry effects ar¢ negligible when
comparing the uniaxial smooth specimen data to axial tube data. Table 1 lists
the conditions and results for the Inconel 718-DA and 718 biaxial-tension tests.
Two stress controlled tests were performed employing the coarse grained
Inconel 718 specimens. Stress strain response for these tests was elastic. Failure
occurred at a location corresponding to ¢, = 0.93 (i.e., at the transition from
gauge section to specimen shoulder). For the fine grained 718-DA, three strain
controlled and two stress controlled tests were performed. The stress controlled
tests (Spec. Nos 05 and 06) were elastic with ¢, = 0.93. The strain controlled
tests (Spec. Nos 09 and 10) with ¢, = 0.53 exhibited initial plasticity followed
by elastic cyclic behaviour. The stress-strain response for a strain controlled test
(Spec. No. 09) is shown in Fig. 5(a). The observation that zero strain does not
occur at zero stress indicates that some initial plastic deformation occurred,
while the cyclic response is macroscopically elastic. The principal strains for this
test are in phase and proportional, as indicated in Fig. 5(b). The ¢, = 0.91
(Spec. No. 08) test is a strain control test intended to duplicate ¢, = 0.93
conditions.
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Discussion

Failure for the biaxial-tension tests was defined to occur when a crack grew
through the specimen thickness, causing loss of pressure control. Cracks were
typically 1-4 mm long on the surface using this failure criterion. A representa-
tive biaxial-tension fatigue crack is shown in Fig. 6. This specimen was tested
under ¢, = +1 on the gauge section inside surface. The failure occurred at the
transition of the gauge section to the specimen shoulder and initiated from the
outer surface. The lack of a definite surface crack direction is attributed to the
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1 1.0 mm

Fig6 Representativefailure crack for Inconel 718-DA under biaxial-tension loading with ¢, = 0.93

nearly equal biaxial-tension stress state. The finite element model (Fig. 3)
predicts a ¢, = +0.93 stress state at this location and an increased axial
principal stress amplitude.

Figure 7 presents the Inconel 718-DA data as log maximum principal strain
amplitude at the failure location versus log life. Though there are insufficient
data to complete the biaxial-tension curve, it is observed that the ¢ = +1
loading reduced the allowable strain amplitude by approximately 45 per cent at
3 x 10% cycles. At ¢, = 0.5 the reduction in allowable strain is 25 per cent at 2
x 10* cycles. The maximum principal strain parameter does not adequately
correlate the biaxial-tension loading to other strain states for this material. Life
estimates would be nonconservative employing this damage criterion.
Increased stress for biaxial-tension loadings in comparison to other strain
quadrants for similar principal strains may be the reason why this damage
parameter is inappropriate. The improved correlation of ¢, = +0.5 data, where
this deformation phenomenon is less than that for ¢, = 1, substantiates this
premise.
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Fig 7 Principal strain amplitude correlation of Inconel 718-DA data

The plot of log maximum principal stress amplitude versus log life shown in
Fig. 8 demonstrates a good correlation for ¢, = 0.5 data, while the ¢ = +1 life
correlation is within a factor of 4. The failure location for the data presented
was at the outer surface where o3 = 0; therefore, the maximum principal stress
criteria will offer the same correlations as the maximum shear strain or effective
strain parameter. The improved correlation with this parameter further sub-
stantiates the notion that stress response should be included in a general
damage formulation for the Inconel 718-DA. Since all tests conducted display
elastic cyclic deformation, it remains unclear if stress alone is an adequate
parameter.

Socie et al. (21) proposed a mean stress modification to Brown and Miller’s
(5) shear strain based theory for multiaxial fatigue failure. The modified theory
still assumes, however, that maximum shear strains are important in dictating
cracking direction, but allows both strains and stresses normal to the plane of
maximum shear to have a modifying effect on fatigue life. Figure 9 is a log-log
plot of y + &, + 0,,/E versus life for Inconel 718-DA. The term y is the
maximum shear strain amplitude, &, is the strain amplitude normal to the
maximum shear plane, and oy, is the stress amplitude normal to the maximum
shear plane. Observed correlation of biaxial-tension data to uniaxial data is
nonconservative by greater than a factor of 4 in life. Damage mechanisms in



566 BIAXIAL AND MULTIAXIAL FATIGUE

T T T i T UI T v t LA
Unioxial Smooth Specimen, R.=0
Torsion, R, =-1
Axial, Re=0
Torsion, Ry =0
Biaxial-Tension, Ry=0, ¢h,=093
Bioxial ~Tension, Re =0, be =053
Biaxial-Tension, R =0, b =0.91
&0 ]
B <
: 0%’ o(xm ]

v v [eRFAYA

O

i

Po4D>0 O 03

Ooy /2 MPg
Q.
i

<
o)

Ll s PR | ) ) ok

10° 10 10° 10

107
Ny (cycles)

Fig 8 Principal stress amplitude correlation of Inconel 718-DA data

T T T T"F1

161 T T =TT 17T T LI B N T
Uniaxial Points, R, =0
Torsion, Ry =-1

AX]OF, Re = O

& Torsion, Ry=0 1
v Bioxial-Tension, R =0, ¢,=093
Bioxial-Tension, Re=0, pe=0.53
Bioxial-Tension, Re=0, he=0.91

T T
o0
Lo

[m]

T
1

T
L]

9
1657 o

+0"NO/E
B

9;}
ee 0
O VA v ap AA & (o] o]

Lotoraal

1

-3 1 Lot 11l ] vl | L1

1P 10

N; ommlcycles)

Fig @ Shear strain based damage parameter correlation of Inconel 718-DA data



PROPORTIONAL BIAXIAL-TENSION LOW CYCLE FATIGUE OF INCONEL 718 567

O Ax1aL-Tors 1onAL DATA
@ BraxiaL-Tension Data

Re=0, ¢hp=093

3 1 |
16°
10° 10° 10° 10

Nyommlcycles)

Fig 10  Shear strain based damage parameter correlation of Inconel 718 data

effect in the shear direction are not appropriate for this material at lives greater
than 10° cycles.

Two biaxial-tension tests have been conducted on the coarser grained
Inconel 718. These two points are plotted in Fig. 10 employing Socie’s mean
stress modified shear based damage parameter, with other strain quadrant 11
and IV biaxial test data (22)(23). Correlation for the previous life data is within
a factor of 2. The plot represents a wide range of biaxial-tension ratios (¢,),
load paths (i.e., proportional and non-proportional), and strain ratios (R,).
Crack direction observations from prior research indicate the shear direction to
be appropriate when formulating a damage criterion for this material (23)(24).
This parameter was effective in correlating the ¢, > 0 as well as ¢, < 0 data, but
insufficient ¢, = +1 data exist at this time to reach any firm conclusions. Surface
crack observations of the biaxial-tension specimens do not provide conclusive
evidence to support shear direction crack growth. The nearly equal biaxial-
tension stress-strain state at the specimen surface does not dictate a specific
shear direction on the specimen surface. Sectioning of the specimens and
observation of growth into the specimen has revealed that shear crack growth
occupied the major portion of the fatigue life (approximately 90 per cent).
Using a shear based criterion, improved damage correlation was achieved for
the coarse grained Inconel-718 in comparison to the fine grained alloy. This
suggests that fatigue damage was not shear dominated for the finer grained
material (Inconel 718-DA).
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Considerable work remains to be done at lives less than 10 cyclesin order to
completely assess the effect of biaxial-tension stress ratio on fatigue life. The
concept that fatigue damage occurs in a critical plane is appealing and should
be incorporated in the analysis of multiaxial fatigue failure. Observation of
physical damage may help define the important parameters in fatigue analysis
for a given material. If a multiaxial theory successfully predicts the plane of
fatigue initiation or crack growth, the appropriate parameters for fatigue life
prediction will probably be included.

Conclusions

(1) A new test system was commissioned which allows strain controlled
fatigue testing in stress or strain quadrants T and TIL.

(2) The biaxial-tension data generated for Inconel 718 and 718-DA indicate
that ¢ = +1 loadings are the most damaging for lives between 10" and 10°
cycles.

(3) Coarse grained Inconel 718 biaxial-tension data were correlated with
uniaxial and torsional baseline data within a factor of 2 in life using a shear
based damage parameter. Observations of biaxial-tension cracking are
required to verify whether it is appropriate to employ a shear based
criterion for this material when loaded in stress quadrants T and II.

(4) The fine grained Inconel 718-DA biaxial-tension tests were best corre-
lated with uniaxial and torsional baseline data by employing maximum
principal stress as a damage criterion. Maximum principal strain and a
shear based parameter provided poor correlation to the baseline uniaxial
data. Again, future cracking observations will aid in the identification of
the appropriate damage parameter.

{(5) Present data indicate that the appropriate damage parameter for correlat-
ing biaxial-tension biaxial fatigue test data to strain quadrant IT and IV
data is material dependent.

Closure

A thorough understanding of the multiaxial fatigue behaviour of Inconel 718
has been attained since this paper was first presented in December 1985.
Extensive crack monitoring and post-failure sectioning of specimens have
revealed a consistent failure mode in all stress quadrants of shear crack
nucleation followed by shear crack growth to failure for lives below 10° cycles.
Interested readers should review Morrow (25).
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