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ABSTRACT

Components and structures are usually under multiaxial loading conditions. Among several structural steels the
austenitic stainless steels are widely used in various engineering applications, one of their main features is the strong
corrosion resistance. Materials are usually submitted to complex loadings, which could cause micro-structural
changes, affecting their physical and mechanical properties and consequently causing multiaxial fatigue damage.

The purposes of this work are to study the influence of the different multiaxial fatigue loading paths on fatigue life and
crack orientation, comparing the test results with theoretical results from multiaxial fatigue models. Tests were carried
out in load control for several multiaxial loading paths and then fractographic analyses of specimen fracture surface
were carried out. Results show that the different multiaxial loading paths have a relevant preponderance on fatigue life
and are determinant on the fatigue crack initial orientation, which is predicted by critical plane models.

KEY WORDS: Austenitic stainless steel, Multiaxial fatigue, Loading paths, Proportional and non-proportional
loadings, Fatigue life prediction, Fractographic analysis.

1. INTRODUCTION

Mechanical components are generally submitted to
complex fatigue loadings that generate multiaxial stress
states in correspondent critical points. During the last
forty years researchers have extensively investigated the
problem of multiaxial fatigue assessment in order to
provide engineers safe methods for the fatigue life
prediction in the presence of complex stress states [1].
One recent inquiry had demonstrated that 70% of the
companies have encountered with fatigue problems [2].
Stainless steels are present in many industries
applications and therefore are submitted to multiaxial
stress states. Austenitic stainless steels are ductile,
tough and, most importantly, easy to form and weld.
They have f.c.c. microstructure. There are numerous
applications for this type of stainless steel, ranging
from domestic kitchen thinks and building fagades to
commercial food processing equipment and chemical

plant piping [3, 4].

In this study, several non-proportional multiaxial
fatigue tests were carried out on AISI 303 steel. The
objective of these fatigue tests is to study the behavior
of the material when subject to the multiaxial fatigue
loading paths. To evaluate the shear stress amplitude
two approaches were used, the von Mises equivalent
stress, [5], and the MEC approach [6, 7]. Fatigue

critical plane models, such as the Findley, the Fatemi-
Socie, the SWT and the Liu criterions are used to
analyse the potential crack plane orientation. The
predictions given by these models are compared with
experimental results.

2. MATERIAL DATA, SPECIMEN FORM AND
TEST PROCEDURE

In this work, the material studied is the austenitic
stainless steel AISI 303. The chemical composition is
shown in Table 1. In order to characterize the cyclic
stress-strain behavior of the material studied tension-
compression low cycle fatigue tests were carried out,
[8]. Monotonic and cyclic mechanical properties are
shown in Table 2.

Table 1- Chemical composition of the material studied
— AISI 303 steel (in wt%) [5].

Chemical compasition
AISI 303
Guminless | € | S [Mo| P | 8§ | or | N | Mo | Cu
el 002 100 | 2.00 [ G060 | 0.25 | 1800 | 900

In order to study the effects of the multiaxial loading
paths and in particular both the axial and the torsional
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component on the fatigue life, a series of loading paths
were applied in the experiments as shown in Table 3.
In Table 4 are shown the reference multiaxial fatigue
loading paths. A biaxial servo hydraulic machine
performed the tests of biaxial cyclic tension-
compression with cyclic torsion. Test conditions were
as follows: frequency 3-5 Hz at room temperature and
laboratory air. Tests ended up when the specimens were
completely broken or after a million cycles.

Table 2 - Monotonic and cyclic mechanical properties
of AISI 303 [5].

Tensile strength R, (MPa) 625
Yield strength R 02, monotonidMPa) | 330
Elongation A(%) 58
Young’s modulus E (GPa) 178
Yield strength R ,02.cyc1ic(MPa) 310
Strength coefficient K' (MPa) 2450
Strain hardening o 035
exponent

Fatigue strength o' (MP

coefficient 7 (MPa) 534
Fatigue strength b 0.07
exponent

Fatigue ductility g

coefficient 4 0.05
Fatigue ductility . 0.29
exponent

The geometry and dimensions of the specimen are
shown in Figure 1:
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Figure 1 - Specimen geometry for biaxial cyclic
tension-compression with cyclic torsion tests [8].

Table 3 - Multiaxial fatigue loading paths.

3t Bt V3t
c G £| |; c

EA case LA case RA case

V3t Bt 3t
c G | E o

EB case LB case RB case

Table 4 — Reference Multiaxial fatigue loading paths.
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Circle Case Lozenge Case Square Case

3. THEORETICAL ANALYSIS OF THE
FATIGUE LIFE PREDICTION

Many multiaxial fatigue models have been proposed in
the last decades [9] and some of them are applied in
this work; the shear stress amplitude is one of the
important parameters in the formulations of the
multiaxial fatigue damage models.

3.1. von Mises approach

According to von Mises criterion [10], the shear stress
occurs in a plane equally inclined to all the main
directions. For x-y-z Cartesian system the von Mises
equivalent stress can be written as equation (1):

Gy = %\/(ox - cry)2 + (O'y - cr:)2 +(, - 0':)2 +6 rf) + rﬁz + rf:) (1)

For biaxial loading of tension-compression with cyclic
torsion the expression can be simplified, equation (2):

Opy = 1/0'3 + 3(1'){},)2 @

3.2. MCE Approach for evaluating shear stress
amplitude

From the stress invariant (Sine’s criterion), which is
express by the amplitude and the mean value of
equivalent shear stress and by the hydrostatic stress, in
which the equivalent shear stress amplitude is
represented by the square root of the second invariant

of the stress deviator, V24 [6], avoiding the search of
critical plane, equation (3):

Vo + O o)< B @3)

where @ and # are material constants. The innovation

of this model is the V/2« calculation. Whereas
minimum circumscribed circle (MCC) approach [11]
defines the shear stress amplitude as the radius of the
minimum circle circumscribing to the loading path,
minimum circumscribed ellipse (MCE) approach
compute the effective shear stress amplitude taking into
account the non-proportional loading effect. The load
traces are represented and analyzed in the transformed
deviatoric stress space, where each point represents a



value of J2 and the variations of J2 are shown
during a loading cycle. The schematic representation of
the MCE approach and the relation with MCC
approach are illustrated in Figure 2:
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Figure 2 - The MCC and MCE circumscribing to shear
stress traces, Ra and Rb are the major and minor
radius of MCE, respectively [6].

The idea of the MCE approach is to construct a
minimum circumscribed ellipse that can enclose the
whole loading path throughout a loading block in the
transformed deviatoric stress space. Rather than

defining V20 =Ra, by the MCC approach, in MCE

approach Ry and Rb are the lengths of the major semi-
axis and the minor semi-axis of the minimum

Rb
circumscribed ellipse respectively. The ratio of Aa
represents the non-proportionality of the shear stress
path. The important advantage of this new MCE
approach is that it can take into account the non-
proportional loading effects in an easy way. As shown
in Figure 2, for the non-proportional loading path 1,
the shear stress amplitude is defined as, equation (4):

e =|R2+R? 4

For the proportional loading path 2, it is defined as

Jra =Rq since R is equal to zero (rectilinear
loading trace).

3.3. Critical Plane models

The ingredients of the critical plane criteria are the
normal and shear stresses acting on a material plane A.
The various proposed formulae are different, but the
process to follow is merely the same. One must firstly,
found the critical plane and secondly, check if the
criterion is satisfied on this plane. If the criterion is not
satisfied, then a fatigue crack may appear on the critical
plane. Therefore, the orientation of the initiated crack
coincides with the orientation of the critical plane [11].

Findley criterion
Findley [12] proposed a critical plane model, which
predicts that the fatigue crack plane is the plane

orientation € with maximum Findley damage
parameter, equation (5):

max(o, +ko, o
3 ) (6)

where “a is the shear stress amplitude on a plane &,
o is the maximum normal stress on that plane &

n,max

and & is a material parameter (kussr303=0-2)

Brown-Miller criterion

Brown and Miller [13] proposed that the shear and
normal strain on the plane of maximum shear must be
considered. The simplified formulation of the theory for
case A cracks is (equation (6):

A
max(M+SAgnj
) 2 (6)
Critical plane is the plane of maximum shear strain
range AVmax with major value of normal strain range
Ag,: S is the normal strain effects coefficient and is

determined experimentally (Sarsrso3=02),

Fatemi-Socie criterion

Fatemi-Socie [14] proposed a model that predicts the
critical plane is the plane orientation & with the
maximum F-S damage parameter, equation (7):

ma{ =2 e [1 - Jp T ]‘
4 o
g ()
AY o
where 2 is the maximum shear strain amplitude

on a plane 0, o is the maximum normal stress on

n,max

that plane, o, is the material monotonic yield strength
and k is a material constant (ks/303 = 0.2).

S-W-T criterion

Smith, Watson and Topper [15] proposed a model that
predicts that the fatigue crack plane is the plane
orientation € with maximum normal stress (the
maximum principal stress), equation (8):

( Ag j
max| o, —
0 2 (8)

where o, is the normal stress on a plane &, Ag, is the
principal strain range on that plane.

Liu criterion
Liu [16] proposed an energy method to estimate the
fatigue life, based on virtual strain energy (VSE). This



model considers two parameters associated with two
different Modes of fatigue cracks, a tensile failure mode

(Mode 1), AW,’ and a shear failure mode (Mode 1),

AWy . Failure is expected to occur on the plane @ in
the material, having the maximum VSE quantity.

According to Mode | fracture, the parameter, AW s,
equations (9) and (10):

AW, = Ao, Ag, )+ (ATA 9
I mgax( o, gn) ( Z 7/) ( )
For Mode 11 fracture, the parameter, AWy js:

AW, = (Ao, Ag, )+ max (AtAy) (10)

where Az and Ay are the shear stress range and shear
strain range, respectively, Ac, and Ag, are the
normal stress range and normal strain range,
respectively.

4. RESULTS AND DISCUSSIONS

4.1 Experimental cyclic stress-strain behavior under
proportional and non-proportional loading

Non-proportional cyclic tests were conducted with the
ellipse up (EA) and ellipse down (EB), the rectangle up
(RA) and rectangle down (RB), the lozenge up (LA)
and lozenge down (LB) loading paths (see Table 3). In
Figure 3 is shown the evolution of experimental life
with equivalent von Mises stress.

Analyzing the results in Figure 3a and Figure 3b and
considering the applicability of von Mises criterion, it
is shown that loading trajectories exhibit different
values of fatigue life for the same von Mises stress,
which present the great influence of loading paths in
fatigue life and the difficulty of this criterion to
estimate the material fatigue life.

The EB and RB cases Figure 3a and Figure 3b,
respectively, are the worst loading paths for fatigue life.
On the other hand, the EA and RA cases are less
harmful to material fatigue life. Thus, it can be seen
that the normal component has a greater influence in
fatigue life than torsional component. In the middle of
the results mentioned before appear the Circle and
Square cases. The lozenge cases aren’t illustrated here
because there isn’t available space. Nevertheless, the
influence of LA and LB trajectories in fatigue life is
very similar to EA, EB and RA, RB trajectories.

As it can be seen in Figure 4, the MCE model collects
more results around a central line than von Mises
criterion. With the application of this model, is not
observed a evident distinction between the different
loading trajectories. Therefore, with application of
MCE model, the results of fatigue life are more
independent of the loading path than with von Mises

criterion. Compared with von Mises criterion, MCE
model gets better correlations between stress and
fatigue life.
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Figure 3 - Evolution of experimental life with
equivalent von Mises stress: a) Circle and Elipse case,
b) Square and Rectangle case.
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Figure 4 - Evolution of MCE fatigue parameter with
experimental life: a) Circle and Ellipse case, b) Square
and Rectangle case.



4.2 Fractographic analysis of fracture surface and
estimation of critical plane orientation

From Figure 5 to Figure 10 it is presented the
fractographic analysis of the macroscopic plane of
crack initiation.

Figure 5 - Fractographic analysis of the fatigue failure
plane orientation under EA loading path shown in
Table 3.

Figure 6 - Fractographic analysis of the fatigue failure
plane orientation under EB loading path shown in
Table 3.

Figure 7 - Fractographic analysis of the fatigue failure
plane orientation under RA loading path shown in
Table 3.

Figure 8 - Fractographic analysis of the fatigue failure
plane orientation under RB loading path shown in
Table 3.

Figure 9 - Fractographic analysis of the fatigue failure
plane orientation under LA loading path shown in
Table 3.

Figure 10 - Fractographic analysis of the fatigue
failure plane orientation under LB loading path shown
in Table 3.

It can be observed that specimens fracture surfaces that
were submitted to the down trajectories showed well-
defined fatigue typical characteristics. On the other
hand, specimens that were submitted to the up
trajectories showed fractures surfaces with large
cracking and multiple morphologies in the same type of
trajectory

4.3 Theoretical analysis of the fatigue crack planes

Critical plane models such as, Findley, Brown-Miller,
Fatemi-Socie, S-W-T and Liu criterion, were used to
analysed the potential crack plane orientation. Table 5
presents the comparison of the measured crack plane
with predictions given by the critical plane models.

Table 5 - Comparison of the measured crack plane
with predictions.

Multiaxial Loading Paths
Case Case Case
Case EA | Case EB Case RA | Case RB Case LA | Case LB
Circle Square Losangle
Measured | 24° 6,5° 6,83° 32° 73° 19° - 74° 2°
Findley 0° 0° +39° +22° +9° +28° 0° 0° +39°
B-M 0° 0° +40° +21° +7° +28° 0° 0° +41°
F-S 0° 0° +42° +21° +7° +29° 0° 0° +43°
S-W-T 0° +38° 0° +25° +41° +15° 0° +45° 0°
Liu | 0° +38° 0° +25° +41° +15° 0° +45° 0°
Liull | 0°/+£90° [ 0°/+90°| +45° |+21°/+69°|+4°/+86°|+30°/+60°| 0°+90° [0°/+90°[ +45°

From the results in Table 5, it is easy to observe that
the predictions made by the critical plane models
depend of the multiaxial fatigue loading paths. The
multiaxial fatigue models can be classified as shear-
based models (Findley, Brown-Miller, Fatemi-Socie
and Liu Il) and tensile-based models (SWT and Liu I).

Shear-based models give good predictions of the
orientation of the crack initiation plane in up loading



cases, Case EA, Case RA and Case LA. Tensile-based
models give good predictions of the orientation of the
crack initiation plane in down loading cases, Case EB,
Case RB and Case LB. The RA and RB cases show the
larger difference between measured angles, nearly 12°.

The difference between crack orientation plane in EA
and EB cases and Circle case is about 17°. The
difference between crack orientation plane in RA and
RB cases and Square case is about 25° and 13°
respectively. For up loading cases the models that give
a better approach for experimental results were Brown-
Miller and Fatemi Socie models; while for down
loading cases the models that give a better approach for
experimental results were S-W-T and Liu Il models.

5. CONCLUSIONS

A wide range of fatigue loading paths was applied to
the austenitic stainless steel AISI 303. It was found that
the loading paths have significant influences on fatigue
life and on the crack plane orientations. Experimental
results show that the ratio between normal stress
component and shear stress component has a strong
influence to fatigue damage and consequently in fatigue
life. Down trajectories, with normal component bigger
than shear component, have proven to be worse for
fatigue life than up trajectories.

The MCE approach gives better correlations than von
Mises approach for the studied loading cases and
material. The MCE approach also shows that is more
independent of the loading case.

The fracture surfaces of the specimens that were
submitted to the down trajectories showed well-defined
fatigue typical characteristics. Otherwise, specimens
that were submitted to the up trajectories showed
fractures surfaces with large cracking and multiple
morphologies in the same type of trajectory.
Shear-based models give good predictions of the
orientation of the crack initiation plane in up loading
cases, Case EA, Case RA and Case LA. Tensile-based
models give good predictions of the orientation of the
crack initiation plane in down loading cases, Case EB,
Case RB and Case LB.
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