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ANALYSTIS OF THE CRACK PROPAGATION UNDER BIAXIAL
CYCLIC LOAD TAKING INTO ACCOUNT THEIR ORIENTATION

V.N.Shlyannikov®, V.A.Dolgorukov®

The method of investigation of characteri-
stics of the structural materials cyclic
crack-stability under biaxial load of ar-
bitrary direction was elaborated. This me-
thod is directed to studying of the angled
cracks propagation in whose vertices the I
and II pure modes are realized. The follo-
wing parameters are determined: the crack
growth rate; the trajectory and direction
of its growth at different biaxial tension
stress ratios; the strain energy densities
characterizing the material fatigue crack
growth rate curve.

INTRODUCTION

The character of load of modern technique products is
such that during their usage they are under the condi-
tions of complex stressed state, the noncoincidence of
the direction of both the external load and the normal
line to the orientation plane of possible defects Dbe-
ing the rule rather than exceptione.

The available theoretical and experimental informa-
tion on the influence of the stressed state form onthe
fracture characteristics of bodies having cracks is con-
tradictory. The influence of the crack initial orienta-
tion angle on the fracture parameters at complex stres-
sed state is undetermined. These circumstances have
stimulated the development of theoretical and experi-
mental studies on elaboration and argumentation of the
criteria and parameters of crack mechanics under bia-
xial load.
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ELASTOPLASTIC ANALYSIS

Analysis of the known elastic solution of the problem
of determination of the singular stressed-strained sta-
te (SSS) in the angled crack vertex has allowed to pre-
sent elastoplastic formulation of the investigations.
Here the following three problems have been formulated:
to determine the elastoplastic singularity amplitude;
to compute the dimensionless stress fields and to take
into account the boundary conditions. The nonlinearity
is introduced in terms of the Ramberg and Osgood model.
The stress function is selected as follows

F=r*@(A8)  8(A,0)=KE(A,0); A=m/(men)..... (1)

Dimensionless stress fields computation

By Hutobinsont (1) the differential compatibility
equation of strains governing the stress function in a
crack vertex has been obtained. This equation has been
initially solved for two special cases of load: a nor—
mal separation and a pure shear. The compatibility equ-
ation of strains has been solved with a help of the
Runge-Kutt iterative procedure of the fourth-order, As
a result the dimensionless fields of the stress compo-
nents &, 8, 8¢ and Be for the normal separation
and & pure shear at the different values of the strain
hardening exponent has been obtained.

Further a transformation of the known criteria of
the crack propagation direction (the strain energy den-
sity in elastic (VU ) and elastoplastic (w ) treatments
and the stress intensities (6, %) has been performed:
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Analysis of dimensionless 6 -distribution of stre-
sses in combination with a minimax-analysis 3 has al-
lowed to formulate the hypotheses and to establish the
following consequences of the theory under development.

Hypotheses and conseguences

1. The angled crack propagation is possible either
as a normal separation (a local min on Be (O )-digtri-
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bution), or as a pure shear (a local max on e (© ) -
distribution). _

2, At a pure shear the two extrema of Be (B ) ta-
ke place: at 6*=0° and 6% =70°, The angle 8* deter-
mines the crack propagation direction, At 8* =0° an un-
stable equilibrium is observed when the crack can pro-
pagate in its plane. The value 8% =70° corresponds to
the experimental data, and &. =0, Se (70°) - being
max, which corresponds to the normal separation bounda-
ry conditions. Thus, at the initial crack orientation
and load, corresponding to pure shear, its further
growth takes place as a normal separation.

3, Any 6* -distribution of dimensionless stress fun-
ctions can be obtained by the setting the normal sepa-
ration boundary conditions in the point 8=6* , corres-
ponding to a crack growth direction as a function of
its initial orientation.

4, Domain of integration of the compatibility equ-
ation of strains has to be variable and it has to De
displaced by the value of 8* relatively to 0°, i.e.

g*= § (r/a,n,d, m ), where n=6%/63.

For the quantitative evaluation of dimensionless
stress values the scaling of their 0 —-distributions,
using the conditional theoretical factors of the stress
and the strain concentrations has been proposed. Tode-
termine the singularity amplitude in the angled crack
vertex domain the unified elastoplastic stress factor
K has been introduced, which together with a crack
initiation angle describes the SSS fields at the mixed
fracture modes. Thus, the general method of analysis of
elastoplastic SSS in the angled crack vertex under bi-
axial load has been elaborated. In accordance with this
method the calculation of the stress fields for the
different crack orientations with variation of the
strain hardening exponent m has been carried oute.

NUMERICAL ANALYSISBY MEANS OF THE FINITE ELEMENT METHOD

The theory of elastic and elastoplastic versions of the
finite element method (FEM) taking into account a sin-
gularity for the mixed types of the crack propagation
has been elaborated. Generalization of the Hilton and
Sih method (2) on the case of biaxial load of the ang-
led crack with an arbitrary orientation has been given.
By the computational values 3r,8,,8r¢ of dimensionless
stress functions, the expressions for elastic ( Vee )
and elastoplastic ( w;, g strain energy of the domain
restricted by the circle with a centre in the angled
crack vertex, has been obtained. Potential energy of
the whole structure was considered as a sum of contri-
butions from the two care regions and the structure
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part divided on the finite elements,

By the common energy minimization over the unknown
parameters the problem has been reduced to equation sys-
tem allowing at the same time as SSS parameters of
structure to calculate elastic and elastoplastic stress
intensity factors (SIF). The algorithm elaborated was
realized by means of a subconstructions method. This
algorithm was used for calculation of the contours of
plastic strain domains in eight-petal samples (fig. 1)
at the experiments on biaxial tension with cracks of
different initial orientation and also for ‘the SIF cal-
culation at mixed fracture modes, By means of this me-
thod the eight-petal samples K-taring has been obtai-
ned which could be used further at the experimental re-
sults interpretatione.

METHODS OF EXPERIMENTAL INVESTIGATIONS

The method for an experimental investigation of chara-
cteristics of the cyclic crack-stability for the mixed
crack propagation modes has been elaborated. We have
proposed to interpret the experimental data over the
parameter of the strain energy density. On the Dbasis
of the introduced concept of an equivalent straight
crack, the method for constructing of the computatio-
nal-experimental trajectory of the crack growth has
been elaborated. Consequent step procedure connecting
the preceding ( Qi-y,0ki-y ) and the next (q;, &; ) po-
sitions of the crack vertex on its propagation trajec-
tory is described by the following equations Shlyanni-
kov and Dolgorukov (3)

O-‘=[a?_'+ Aa?‘ - 2a1_1AQiCOS(¢s-9:_1)]1/2 Li (5 )

X = _p¥
ad=arcsin AASNEO), o =g ead; ..., (6)

From the same positions the simple analytical equ-
ation allowing to calculate the theoretical trajectory
of the crack growth under biaxial arbitrarily directed
load has been obtained Shlyannikov and Ivanyshin (4)

a;= a,4[cos(a;- &1-1) + sin(ol-‘-d-‘-,)tg(.ﬁ/a-6:+d1-di-‘)] (7)

It should be noted that the equations proposed are in-
variant relatively to the criteria of the crack growth
direction. In above methods of the experimental results
processing we have used the Lagrange interpolation po-
lynom to describe the crack growth direction as a fun-
ction of its initial orientation angle and to calcula-
te the current SIF values (over the known K-taring fun-
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tions, obtained by the FEM method taking into account
the singularity) by means of the double interpolation
over the crack length and over the angle of its incli-
nation., The method of calculation proposed is united
intd the block diagram (fig. 2) for the automatical pro-
cessing of empirical data, realized on the mini-compu-
ter Shlyennikov and Dolgorukov (3).

Over the given relations of biaxial tension stres-
ses a geometry of plane eigth-petal samples (fige. 1)
has been obtained by means of iterative computation for
the experiments under both equally-biaxial (n =1) and
biaxial tension with Q =0.5,

RESULTS OF EXPERIMENTS

On the aluminium alloys having the different properti-
es (whose main machanical characteristics are presented
in the table 1) the experimental investigation and ana-
lysis of the crack growth taking into account their
orientation under uniaxial n=0 and biaxial #W=1 and

n=05 tension have been performed on the electrohyd-
raulical stand at antisymmetrical cycle of load R =
=0.05 with a frequency 3.5 1/s on the rectangular (80x
x320mm) end eigth-petal samples by the thickness 3-5mm.
The diagrams of the crack propagation direction 6* as
a function of the angle of its initial orientation o
under the pointed types of SSS (fig. 3) for the every
of materials have been obtained.

In fig.4 and fig.5 the experimental trajectories of
crack growth at their initial orientation R =0,25,45,
65,90° for some of meterials §) =0 and R =0.5 are shown,
Ti was established that SSS type results in change of
the trajectory curvature. Moreover the range of the
trajectory changes is essentially greater at biaxial
tension than at uniaxial one, depending on material
properties. It was that the properties of materials ob-
served have the same quantitative influence wupon the
crack growth, as the SSS type.

The fatigue fracture diagrams (FFD) have been obta-
ined at the following relatonships #=0;0.5;1 and A =
=0,25,45,65,90° for all the materials, some of them be-
ing shown in fig.6 and in fig.7. Interpretation of em-
pirical data was carried out in accordance with the
block diagram (fig.2) and it is based on the parameter
of strain energy density S. The linear section of FFD
was described by the following equation

g2 o (92Y (222%)” e (8)

* - N
in which (da/dN j=10 Tn/cycle, S%and n - are the ex-
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TABLE 1 - Mechanical characteristics of materials.

Marker Material  6s-MPa  Ggp-MPa &-%  Gg/6Go2

() Al.,alloy 1 320 160 20 2.00
+ Al,alloy 2 390 225 14 1.74
A Al.alloy 3 440 285 20 1.54
O Al.alloy 4 430 335 13 1.28
v Al.,alloy 5 345 300 9 1.15
a Al.alloy 6 570 510 11 112

perimentally determined constants. Dependence of resi-
stance characteristics to the crack growth under biaxi-
al cyclic tension on the SSS type, on the angle of the
crack orientation and on the material properties hasbe-
en established. In order to describe the effects ob-
served dimensionless parameter

T=(n,/n)(S*/SY) seeeececccacecccesccaaas(9)

was proposed, in which the current values of constant
n and S* (for any combinations K and A ) were rela-
ted to their values at ) =1. In fig.8 the diagrams of
this parameter change are presented. It shoud be noted
that the crack-stability under biaxial tension is gre-
ater than under uniaxial one. Moreover, the influence
of the crack orientation angle and of the materials
properties is greater under biaxial tension with 1, =0.5.
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Figure 1 Samples for the testing at biaxial tension
and their finite-element models
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input data

experimental data data of testing
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trajectories atf=0, 1 =0.5 trajectories at#n =0,5, 0C =0°
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