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Summary

Fatigue crack growth under different biaxial stress states is considered for both small
scale yielding and high bulk stress conditions. Analytical and elastic finite element
results are compared favourably alongside experimental results on a AISI 316 stainless steal
at both room and elevated temperatures. Differences in crack growth rates are compared
against different crack tip cyclic plastic zone sizes for various degrees of mixed mode
loading, thereby overcoming the limitations of the Paris Law and LEFM,

The usefulness of the approach is indicated for studies in the behaviour of materials
subjected to thermal shock. Where steep temperature gradients are intreduced due to rapid
thermal transients, high strains are produced which propagate fatigue cracks under cyeclic
conditions. Since stress gradients are generally associated with thermal shock sitvations,
the cracks grow through a plastically deformed regicn near the surface into an elastic
region. A unified approach to fatigue behaviour, encompassing both linear elastic and
elastic-plastic fracture mechanics, will enable analysis of thermal shock situations.

The approach to crack propagation developed here shows that cyclic growth rates are a
function of a severe strain zone size in which local stresses exceed the tensile strength,
i.e. monotonic instability. The effects of stress biaxiality and mixed mode loading are

included in the analysis, which may be extended to general yielding situations,
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L. Introduction

Linear elastic fracture mechanics (LETM) has been successfully used to analyse fatigue
crack growth of mode I cracks. However the well established Paris law needs to be extended
to include not only higher stress levels where the strict small scale yielding {558Y)
conditions are no longer valid, but also biaxial stress field effects and the influence of
mixed mode loading. A more general egquation describing fatigque crack growth should enable
improved design methods to be devised and assist our understanding cf the fatigue behaviour
of components which contain notches, complex stress fields and high strain gradients.

This paper summarizes the progress in a multidisciplinary collaborative project
concerned with the creep-fatigue behavicur of 316 stainless steel. A number of projects
have been initiated to study creep damage accumulation, fatigue and creep crack growth and
their interaction, but this short paper will concentrate on the fatigue crack propagation
aspects. Elastic—plastic finite element studies of cracks in biaxial stress fields have
been made alongside experimental work, to relate the applied stress fields to crack
extension. Thermal shock is discussed as just cne example to which these studies are

applicable.

2. Elastic~Plastic Fracture Mechanics

The results of elastic-plastic analyses by finite element methods (FEM) have been
published [1][2] for inclined cracks in biaxially loaded plates. The local stress strain
field at the crack tip may be characterised in terms of the size and shape of plastic zcne,
crack tip opening and shear displacements, the J integral, energy release rate and the GA
criterion for co-planar or non-coplanar crack extension. One approach to the high strain
fatigue crack growth problem is based on crack tip plasticity [3], since this is clearly
related to fatigue endurance through the Coffin-Manson eguation [4] as well as to models
based on crack opening displacement.

Typical plastic zones obtained in the finite element analyses are illustrated in Fig. 1.
These show the conventional plastic ears emanating from the crack tip, but when the mode II
component c¢f the load is large, one ear becomes dominant ahead of the crack, making shear
mode growth feasible. It is also found L2] that the non-singular stress parallel to the
crack has a large effect on the size of plastic zone. This may be characterised in terms of

the T stress, where

T = g -0 (1)

L
ively. Large negative values of T increase crack tip plasticity, together with the crack

and GN and o, are the applied stress components normal and parallel to the crack, respect-—
cpening displacement (COD} and J integral. The COD is largest for pure mode I cracks, so
that one would expect inclined cracks to follow a path that tends to maximise the mode I

components.

3. Fatigue Crack Growth Results

Studies of mode I fatigue cracks in biaxially stressed cruciform specimens have shown
a distinct affect of the T stress on propagation rate. At low stress levels LEFM conditions

are applicable to long cracks, and the range of stress intensity factor AK was found to
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characterise both threshold and growth rate satisfactorily in materials with a reasonably
high yield stress (i.e. S5S5Y conditions) [5]. But as the applied stress ranges were raised,
a biaxiality effect was observed, as shown in Fig. 2, similar toc the trend observed in a
number of different materials [6]. Tests on twe heats of 316 stainless steel at 20 and
SSOOC demonstrated the same behavicur in load controlled tests, i.e. faster growth for a
negative T stress.

Clearly as the crack tip plasticity is increased by the negative T stress, the
mechanism for crack extension is enhanced to give deviations from the Paris law. This
indicates that growth rate cannot be determined from AK alone. A similar rasult is also
observed in low cycle biaxial fatigue tests [7], where two strain parameters are required
to describe the dependence of crack growth on stress state. The apparently higher fatigue
strength under shear loading for specimens in traditional low cycle fatigue tests is
compatible with high growth rates in shear (Fig. 2}, because the cyclic stress strain
curve for biaxial loading shows that the torsional shear strain amplitude is seven times that
for the uniaxial case with the same range of principal stress N [a].

Results of mixed mode I and mode II loading are presented in Fig. 3, plotted in terms
of cyclic plastic zone size, rP(B*) ; measured frem the crack tip in the direction 8% that
shows the greatest extent of plasticity. Since the stresses applied were not too high,
crack tip plasticity could be estimated from singular crack tip stress components and the
T stress with a von Mises yield criterion, assuming LEFM stress fields could adequately
predict SSY behaviour [9]. The five tests presented in Fig. 3 were all at different stress
biaxialities, A (= cL/UN) where ¢.1 2 A 2 -1, and different initial crack inclinations to
give = =z ﬂKII/ﬂKI 2 0.8. It can be seen that crack growth rate is approximately proportional
to plastic zone size. It was also observed that inclined cracks branched to follow the
directicn of maximum tensile stress, eventually becoming pure mode I cracks as predicted
above.

Tests at threshold levels showed that an initial period of shear mode crack growth
preceded the formation of a mode I branch crack [10]. This shear mode growth could be

characterised by the simple equation
da/aN = k rp(e*)/Yf (2)

where the shear fracture ductility, Ygr on the radial plane in the direction 6* depends on
crack tip stress fields, defined by AKII/AKI. The influence cf the Yg term was of secondary
importance compared to cyclic plastic zone size, nevertheless it did enable a satisfactory
cerrelaticn between thresholds for pure mode I and pure mode II situations. Once the

crack branches te follow a mode I path, the value of AKI becomes zero, so that the term Yf

I
in eq. (2) does not vary as crack growth proceeds, giving the concurrence of results in
Fig. 3.

Although eq. (2) gave a satisfactory description of threshold behaviour for coplanar
crack extension, the shearing displacement at the crack tip introduced fretting and
frictional resistance between the fracture surfaces as the crack grew. This reduced the
effective stress intensity at the crack tip, allowing the crack to arrest. By raising the
cyclic stress amplitude to a sufficiently high level a mede I branch crack was formed,

enabling continucus propagation as depicted in Fig. 3.
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4. Determinaticn of Plastic Zone Size

Plastic zone size may be determined by either elastic-plastic finite element analysis
or from the LEFM stress field for $SY conditions. Both methods require numerical analysis
L1][9], so it is advantageous to derive a simpler closed form solution that predicts the
extent of plasticity for SSY and the intensification of the plastic strain around the crack
tip where more general vielding is involved., The Dugdale~Barenblatt model [11] was
extended in reference [5] to show the influence of T stress on mode I plastic zones for
plane stress. BAlthough the strip yield model cannot accurately represent the shape or
orientation of plastic shear ears, particularly in strain hardening materials, it did
provide good quantitative prediction for the SSY size of the zone, rp{B*), defined above.

The strip yield model has also been used for mode II shear cracks., The mode I and
II analyses may be combined to give the plastic zone size for mixed mode conditions, if
loading is proportional, to give a fixed ratio of shear and tensile cohesive stresses within

the yielding region. For plane strain conditions at the crack tip, the plastic zone ro is

given by

rP = a[sec(noN/Zoo) - 1] {(3)
where

26, = (iiz) {I1 ~[°§_,—TJ2 (1r- Az)]g - ”;—T B} (4)
In eq. (4),

A = (1+u)/2/1 + v - v+ 3{T/0N)2 (5)

and T is the mode II shear stress, Y is the yield stress, v is Poisson's ratio apd a is a
constant equal to unity. Equations (3) toc (5) show that the plastic zone is determined by
the three applied stresses Oygs T and T.

For strain hardening materials, the strip yield plastic zone is replaced by the more
diffuse shear ears in Fig. 1. These are also predicted by the SSY approach used in
reference [9], although a correction factor of (17/2)2 is required for plastic zone size to
give agreement with eq. (3). Figure 4 shows that, for different biaxial stress states, put-
ting o equal te 1/v/2 gives an excellent representation for plane strain SSY behaviour with
strain hardening. Since the crack length was 2.54 mm, the SSY equations must break down
where the.lines diverge (rD = 0.1 a), but eg. (3) is still valid for the higher stresses, as
shown by the FEM results,mplotted as points in Fig. 4. B&lthough there is considerable
scatter in the points on this figure, this reflects the accuracy of rP values which is
directly related to element size in Fig. 1. With this is mind eqg, (3) gives satisfactory
agreement with all the FEM data presented, in spite of the dependence on A in Fig. 4.
However, if desired, improved correlation may be achieved by introducing suitable functions
for o in eq. (4).

The mode I growth rates are plotted in Fig. 5 in terms of plastic zone size defined
by eg. (3), normalised by the equibiaxial values for each stress level, (da/dN)l and rpl
respectively. To obtain the cyclic zone size, Y was replaced by 2Y and Oy by AUN. Since

general yield was attained in the specimens at the highest stress levels, rP becomes
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infinite, giving the dotted curve in Fig. 5 which clearly deviates from eqg. (2). As crack
growth rates are not infinite in low cycle fatigue, this unrealistic equation may be
improved by replacing Y in eq-(4) with the ultimate strength [5], as proposed by Tomkins [12].

This gives a much simpler relatiocnship,

da/aN )1.5

YEE?EETi = (rp/rpl (6)

which applies to both room and elevated temperature for this material. This equation can

alsc be used to represent the mixed mode data in Fig. 3.

5. Discussion

The results presented indicate that for bpth mode I and mixed meode I/II loading, crack
propagation rate in biaxial stress fields is related to crack tip plasticity by eq. (6),
Equation (4) shows that the presence of a T stress will increase the plasticity, acceler—
ating crack growth in the high strain regime. The use of the tensile strength in eq. (4)
has already found widespread applicability [12], and this suggests that the fatigue process
Zone is a region of unstable plastic flow ahead of the crack, which must be closely related
to the cyclic strain hardening exponent and strength coefficient.

High strain crack growth may be observed in thermal shock tests where thermal trans—
ients in excess of SOOC iead to plastic deformation [13]. Figure 6 shows crack growth
monitored in a plate sample experiencing a periodic thermal downshock of 2800C on one edge.
It's rate decreases as the crack extends into regions of lower temperature gradients, which
correspond to reduced stress. However the application of an additional mechanical stress,
¢, normal toc the crack, accelerates growth. Being a steady stress, this cannot affect the
stress intensity factor range. But it does have an influence on T in eqg. (4), reducing the
stress state from equibiaxial (for pure thermal shock) towards the uniaxial condition. This
will lead to increased growth rates (Fig. 2), as observed. This does not, however, account
for the dramatic increase in growth at the higher stress, 38 and 76 MPa, where Creep damage

due to the mean stress applied leads to a change of mechanism and rapid creep crack growth.
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in bBlaxially stressed cruciferm specimens, as a function of maximum

cyclic plastie zone size {9].
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