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ABSTRACT An extension of a shear strain based multiaxial fatigue damage parameter
employing three nominal stress—strain terms is presented. The maximum shear strain amplitude,
the primary damage parameter, is modified by the strain amplitude and mean stress normal to
the maximum shear strain amplitude plane. Fiftcen tension-torsion loading paths were chosen
to validate the format of the proposed damage parameter. Fatigue cracks were observed to form
and grow on the plane of maximum shear strain amplitude when 55 Inconet 718 tubular
specimens were tested in strain control. Fractographic examination and crack growth measure-
ments are presented to support the proposed damage model which correlated the data to within
a factor of two,

Introduction

At the First International Symposium on Multiaxial Fatigue the tension—torsion
fatigue behaviour of Inconel 718 was reported for fully reversed and zero to
maximum tension, torsion, and combined loadings (1). This paper presents
data for a wider variety of loading histories and strain amplitudes. Data are
correlated in terms of a critical shear plane theory. Several critical plane
theories have been proposed; Sultan (2), Findley (3), Troost (4), Grubisic (5),
Brown and Miller (6), and Lohr and Ellison (7). Ali of them are based on a
critical plane for crack nucleation and growth but differ in the format of the
damaging parameters. Since the deformation observed for these tests displays
plastic strain, a strain based theory seems appropriate. Brown and Miller
proposed that the maximum shear strain governed plastic deformation and,
hence, crack initiation. Once the crack formed, they reasoned that it would be
assisted in propagation by the normal strain on the maximum shear strain
amplitude plane. In an extension of the original theory (8), Kandil et al.
presented a general equation for the equivalent shear strain amplitude for a
given fatigue life in of the form

y + S&, = constant (1)

The constant, §, is determined experimentally. A mean stress term 7'¢,,/E was
added to incorporate mean stress effects in the analysis (1). The parameter T'is
also an experimentally obtained constant. These damage parameters can then
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Table 1 Base line material properties, IN-718

Monotonic tensile properties

E Elasticmodulus 208500 MPa
Oy0.2% 0.2 percent offset yield strength 1160 MPa
g, Ultimate strength 1420 MPa
aq True fracture strength 1850 MPa
£ True fracture strain 0.330
% RA % reductioninarea 28

K Strength coefficient 1910 MPa
n Strain hardening exponent 0.08
R, Rockwell hardness 40

Torsional cyclic properties (R, = —1)

G Torsional modulus 77800 MPa
i Fatigue strength coefficient 2146 MPa
b, Fatigue strength exponent —0.148
Vi Fatigue ductility coefficient 18.0

Co Fatigue ductility exponent —0.922
A' Cyclicstrength coefficient 860 MPa
ng Cyclicstrain hardening exponent 0.079

be combined with the torsional strain-life curve with the following result

- R Tao ; t
P Sk + = = yi@N10) + T QN 2)

The shear fatigue properties of the material are analogous to the uniaxial
fatigue parameters given in ASTM E606 and are determined from fully
reversed torsion tests. Both &, and &, are zero during a torsion test. The
constants S and T can be evaluated by comparing fully reversed torsional data
to uniaxial tests at strain ratios of R, = —1 (8, #0, ,, =0)and R, = 0 (¢, # 0,
Ono # 0). Strain-life constants for equation (2) are given in Table 1.

The conceptual basis for the model is schematically shown in Fig. 1. During
shear loading, the irregularly shaped crack surface results in frictional forces
which reduce crack tip stresses, thus retarding crack growth and increasing the
fatigue life. Normal stresses and strains will separate the crack surfaces and
reduce frictional forces which will increase the crack growth rate. Metallurgical
sectioning (9)-(11) was performed on this material to show that the cracks
nucleate and initially grow on the planes of maximum shear strain amplitude.
Fractographic evidence for the influence of normal stress and strain is presented
in Fig. 2. The torsion test fractograph exhibits extensive rubbing and is
featureless in contrast to the tensile test fractograph, where individual slip
bands are observed on the fracture surface.

This paper presents two new aspects of our work. Namely, the validation of
the model for lower strain levels where the plastic strains are negligible, and a
wider variety of multiaxial loading histories. Details on the material, specimen,
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Fig 1 Schematic illustration of the effect of normal stress and strain on shear cracks

extensometry, and testing procedure are presented in a previous publication
(1). Results of all tension-torsion tests conducted using Inconel 718 are given
in Table 2.

Notation

A’ Cyclic torsional strength coefficient

b, Torsional fatigue strength exponent

o Torsional fatigue ductility exponent

E,G Axial, shear elastic modulus

S, T Biaxial material properties

2N, g Number of reversals toa 1.0 mm crack length
Nio, Nt Number of cycles to 1.0 mm crack length, failure
ny Torsional, cyclicstrain hardening exponent

v Maximum shear strain amplitude

Ve Torsional fatigue shear ductility coefficient
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(b)

Fig 2 Comparison of maximum shear strain amplitude plane fracture surfaces for (a) tension, and
(b) torsion
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£, Strainamplitude normal to the plane of maximum shear strain
amplitude

A Strainratio; shear strain amplitude/axial strain amplitude

Ono Mean stress normal to the plane of maximum shear strain,
amplitude

T¢ Torsional fatigue shear strength coefficient

D Phase difference between axial and torsional strain maximums

Results and discussion
Biaxial strain path selection

Selection of the fifteen strain paths shown in Fig. 3 was a continuous process
based on results from prior testing. As the mvestlgatwn progressed, physical
characteristics of crack growth were evaluated in the light of the known
stress/strain states in order to identify additional critical strain paths. Some
critical tests were proposed to isolate one variable at a time from equation (2).

Cracking characteristics and other biaxial material baseline data were
obtained from fully-reversed proportional paths A-C. Torsion tests (path B)
provided data where the maximum shear strain amplitude planes had zero
normal strains and stresses. This test allowed evaluation of the biaxial damage
criteria (equation (2)) without conSldelatlon of non-shear terms. Crack forma-
tion and growth were observed to occur on y planes. Fully reversed tension tests
(path A) were employed to observe correlation between thin wall tubes and
uniaxial smooth specimens. Again, nearly all fatigue crack growth (which was

et
et
b

Fig 3 Tension-torsion loading histories

bt |
|
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the majority of the fatigue life) was observed on  planes. Strains normal to the
y plane were present for these tests, and the &, term allowed correlation with
previous torsional data and calculation of the constant S, Proportional com-
bined tension—torsion tests with 4 = /3 (path C) followed as the simplest
combination of paths A and B. These tests further established the crack growth
direction as occurring on planes of maximum shear strain amplitude.

Further investigation of non-shear effects was accomplished with propor-
tional mean strain paths D and F where the mean stress term, &,,,, was isolated
for study. Directions and magnitudes of y and &, were not altered by the mean
strains, allowing comparison with paths A and C and calculation of the constant
T. Effects of different mean strains and stresses during combined tension-
torsion loading were evaluated through simple modifications of path C. Paths
G-J were chosen such that the axial and torsional strain amplitudes, and 1 = /3
were identical. These tests strengthened the confidence in the form of non-
shear terms. Crack growth for these mean stress and strain paths was in the y
direction {12).

Paths K and L were employed to identify whether the form of the normal
strain term, &,, should be an amplitude or maximum. If &, was an amplitude
term, fatigue damage predicted from static axial strains would be zero. Mean
stresses due to static axial strains resulted on the 0 degree plane (normal to the
specimen axis), but were zero on the 90 degree plane, OQut-of-phase paths M—O
were employed to evaluate phase dependency of the proposed parameters.
Rotating y planes with respeci to specimen orieniation would resuli in non-zeio
values of shear strain for all planes. However, one y plane was always preferred
for long crack growth.

Cracking characteristics

Two characteristics of fatigue cracks, their direction and growth rate, were
evaluated in this investigation. Fatigue crack initiation and growth were
observed to occur on or near planes of maximum shear strain amplitude in all
tests. Only tension tests displayed stage 1T behaviour late in the fatigue life. This
deviation in crack direction accounted for approximately 5 per cent of the
fatigue life to form a surface crack 1.0 mm long and is considered to be
insignificant for this material at the strain ranges investigated.

Crack growth for fully reversed proportional paths A-C occurred on both y
planes (1). Mean strain, proportional paths D-F demonstrated fatigue crack
growth behaviour similar to paths A-C, differing only by preferred crack
growth on the ¥ plane which had the larger non-shear terms. Fatigue crack
growth for non-proportional linear strain paths G-J followed suit closely with
cracks growing near y planes. When both y planes experienced tensile normal
mean stresses {path J), the orientation with the larger mean stress experienced
accelerated crack growth, in comparison to the cracks growing on the other
plane. Conversely, when both planes experienced compressive normal mean
stresses, (path G) crack growth was retarded and a large number of cracks
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-135 Specimen 55

Axis

Fig 4 The effect of mean stress on crack formation using (a) path F, and (b) path G

formed. Crack growth on the plane with the least compressive mean stress was
retarded to a lesser degree with final failure occurring on that plane. Crack
density for this case was much higher on both 9 planes than for those tests with
tensile mean stresses across the y planes. This behaviour is qualitatively shown
in Fig. 4. The magnitude and direction of the mean stresses are shown at the top
of each photo,

Fatigue cracks in torsion have been observed to form on both maximum
shear planes and then propagate to failure on the plane paratlel to the specimen
axis (90 degree plane). The preference to the 90 degree plane may be due to a
slight tensile mean hoop stress that is ignored in simple thin tube analysis,
Torsion tests with a static axial strain, paths K and L, demonstrated similar
crack formation behaviour. Fully reversed torsion (path B) and torsion with a
static compressive mean stress (path L) displayed identical cracking direction.
Late in the fatigue life of path K, which had a static tensile axial strain, the crack
that propagated to failure was on the ¥ plane normal to the specimen axis (0
degree plane). This behaviour was attributed to the tensile normal mean stress
across the 0 degree plane, whereas path L. had a compressive mean stress across
this plane. Figure 5 shows the failure cracks for paths B, K, and L.

Growth of the failure crack for imposed static axial strains (paths B, K, and
L) iscompared in Fig. 6. No systematic differences were identified. Stress states
on the 90 degree plane (i.c., coincident with the specimen axis) were identical
for paths B, K, and L (no imposed hoop stress). A tensile mean stress for path
L on the 0 degree plane (i.e., normal to the specimen axis) was sufficient to
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Torsion Torsion with Torsion with
Tensile Axiol Lood Compressive Axial Lood

i Specimen Axis

3
£

Fig 5 Typical fatigue cracks for strain paths B, K, and L

switch the failure plane, but insufficient to cause noticeable difference in
propagation rate. In other words, the ¥ plane with the most tensile normal
stress was preferred for propagation. Second-order stress terms neglected in
the deformation analysis may be responsible for the slight differences in crack
growth rates between paths B and L.

For the out-of-phase loadings (paths M, N, and O) the cracks propagated on
or near the y plane which was experiencing the larger normal stresses and

2 | | ! 1 | I 1 1 |
a Path B (B-8)
. v Path K (A-36)
£ o Path K (A- 34)
€ o Path L (A-31)
o O Path L (A-33)
-
ol &l
&
|
S
e -
S
0 1 1 | |
2x104

Cycles, N

Fig 6 Crack growth data for strain paths B, K, and L
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strams Path M experienced tensile components of normal stress and strain on
both ¥ planes, but preferred the plane with the greater normal values. For paths
N and O, one of the y plane is normal to the specimen axis (0 degree plane).
This plane experienced the entire applied axial strain and stress, while the 90
degree plane (parallel to the specimen axis) experienced only a Poisson’s strain
and zero stress according to plane stress assumption. For path N at larger strain
amplitudes, many cracks formed early in the fatigue life, with no preferred
direction. Upon reaching 0.1 mm, subsequent crack growth was preferred on
planes 2-5 degrees away from the 0 degree plane. At lower strain amplitudes,
nearly all cracks formed and propagated on the 0 degree plane. Crack density
was approximately an order of magnitude less for the smaller amplitude.
Fatigue crack growth direction for path 0 was similar to the smaller amplitude
case of path N. The greater mean stress on the 0 degree plane accelerated
failure growth for path 0, resulting in reduced fatigue life in comparison to a
similar strain excursion for path N. Crack density for path 0 was less than that
for path N at identical effective strain amplitudes.

Non-proportional out-of-phase paths M, N, and O were compared with
combined tension-torsion paths C and J, respectively. Test results with identi-
cal axial and torsional strain amplitudes were employed for these comparisons,
differing only by the phase angle, ®. Out-of-phase path M (® = 45 degrees) is
compared to the path Cin Fig. 7. Initial crack growth increments were similar
for both strain paths. At a crack length of approximately 0.2 mm, accelerated
crack growth occurred for the out-of-phase tests. Mean stresses and strain
amplitudes normal to the crack plane were deemed to be responsible for this
behaviour. Mixed mode shear crack fracture mechanics arguments support the

2 T T T T
s Path C (B-26)
— ¢ Path C (B-4)
- v Path M(A-32)
= o Path M (A-29)]
=
o
41 i
S
o
Q -
0 " | ] 1 ] |
0 104 2x10%

Cycles, N

Fig 7 Crack growth data for in-phase (path C) and 45 degree out-of-phase loading (path M) at
Ag/2 =0.0035 and Ay/2 = 0.0062
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Fig 8 Crack growth data for in-phase (path C) and 90 degree out-of-phase loading (path N) at
A£/2=10,0071 and Ay/2 = 0,0123

notion that the normal stresses and strains became more significant with
increasing crack length. Therefore, the differences in crack growth that became
more evident at longer crack lengths were expected.

Out-of-phase strain path N (® = 90 degrees) was also contrasted with
proportional strain path C. Two amplitudes of applied axial and torsional strain
are available for comparison (Figs 8 and 9). Trends similar to those observed

2 T T T T
€ s Path C (B-26)
€ ©Path C (B-4) -
° v Path N (B-28)
2 o Path N (B-29)
&1 -
L
E
S |
O 1 1 | |
2)(104

Cycles, N

Fig 9 Crack growth data for in-phase (path C) and 90 degree out-of-phase loading (path N) at
Agf2 = 0.0035 and Ay/2 = 0,0062
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Fig 10 Crack growth data for in-phase (path J) and 90 degree out-of-phase loading (path O) mean
stress tests at Ag/2 = 0.0035 and Ay/2 = 0.0062

between paths M and C were noted at both of these amplitudes. Arguments
analogous to those previously forwarded were employed to explain the acceler-
ated crack growth later in the fatigue lives. Due to the nature of the phase angle
for path N (® = 90 degrees) a greater shear strain amplitude was experienced
by the failure crack plane while the crack was being opened by normal stresses
and strains than for Path M (® = 45 degrees) tests. Damage characteristics
were similar, only more severe for Path N.

Out-of-phase path O experienced even greater normal strains and mean
stresses on the failure crack plane than did Path N. Comparisons with linear
path J are shown in Fig. 10. Crack growth for path O closely matched path J.
Path J experienced a damaging combination of shear strain with tensile normal
strains and mean stresses, similar to path O. Therefore, the combination of
shear excursion with a tensile strain and mean stress normal to the crack plane
caused increased damage, not the out-of-phase loading.

Life prediction

A crack length of 1.0 mm was employed as a reference to compare fatigue lives
from all the different strain paths. The shear damage model (equation (2)) was
employed to evaluate the experimental results. Fifty-five test results are shown
on the plot in Fig. 11. Total shear strain amplitude from fully reversed torsional
tests (Path B) were employed to generate the baseline damage curve (solid line
in Fig. 11). Baseline data were taken from strain path B because stresses and
strains normal to the y planes are zero. Elastic and plastic strains were fit by a
least squares method to obtain material constants (Table 1) and then summed
in a similar fashion to uniaxial ¢ — N; diagrams. Constant amplitude uniaxial
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Fig 11 Correlation of test data employing a maximum shear strain amplitude based damage
parameter which also incorporates strain amplitude and mean stress normal to the maximuom shear
amplitiede plane

testing showed that the constants S and 7' may be taken as unity in equation (1).
The solid line represents the fully reversed torsional baseline data. Most tests
demonstrated good correlation with this damage model. Exceptions included a
systematic inability to account for large amounts of plasticity in out-of-phase
tests (Path N). This is probably due to the out-of-phase hardening which
increases the cyclic normal stress range while the cyclic normal strain range and
normal stress remain constant.

It is important to note that degree of correlation presented here is only
possible because the model matches the physical damage process, which is
crack nucleation and growth on planes of maximum shear strain amplitude.
This model is not appropriate for materials which may nucleate in shear, but
spend the majority of life in mode I tensile crack growth. Bannantine and Socie
(13) have shown that 304 stainless steel is such a material and that the shear
based parameter provides poor correlation of the data. Instead, they modified
the Smith-Watson-Topper parameter (14) to describe the tensile cracking in
304 stainless steel.
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Conclusions

M

@)
3)
(4)

The majority of the fatigue life of Inconel 718 tubular specimens is spent
in growing cracks from 0.01 to 1.0 mm on planes of maximum shear strain
amplitude for the range of fatigue lives under consideration {(10°-10¢
cycles),

The cyclic tensile strain perpendicular to the shear crack enhances its
growth and reduces the fatigue life.

Mean tensile stress perpendicubar to the shear crack also enhances its
growth and reduces the fatigue life,

The physical damage mechanism, shear crack formation and growth is
reflected in the choice of nominal stress and strain terms employed in the
proposed damage model. Comparable correlation of multiaxial data
using the proposed damage parameter is not anticipated for materials
which do not display similar physical damage phenomena.
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