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ABSTRACT

This paper describes a testrig which allows development of a uniform biaxial stress
field in the central part of a cruciform specimen. Experimental work was carried out
on a C-Mn steel (Oy = 360 N/mm2] to study the influence of biaxiality on the growth of mode |
fatigue cracks and the influence of bimodality on their directional stabilities.
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INTRODUCTION

The use of linear elastic fracture mechanics (LEFM) in the analysis of fatigue crack growth is well
established on the basis of experiments carried out under uniaxial loads in such a way that cracks
propagate in mode I. It has been shown that such cracks will propagate without deviation, and that
the fatigue crack growth rate (FCGR) is a power function of the amplitude of stress intensity

factor : da_ c m
an = CiKD

However, pressure vessels, pipe lines, aircraft skin structures, tubular nodes in an offshore platform,
etc... are generally under a state of multiaxial stresses. If we consider a crack propagating in a
biaxial stress field, several questions arise regarding :

1. the crack path. In the literature, it has been shown that mainly two factors can influence the
crack path :

- the existence of a mode Il stress intensity factor, which has been discussed in the static
case by many authors (Wu, 1978 ; Bilby and Cardew, 1975 ; Bilby, Cardew, Howard, 1977 ;
Amestoy, Bui, Dang-Van, 1981 ; Erdogan, Sih and Bas, 1963 ; Hussain, Pu and Unterwood,
1974 ; Nuismer, 1975 ; Howard, 1978).

- the existence of the non-singular stress if Kjj =-0, which has been discussed by other authors
(Cotterell, 1966 ; Leevers, Radon, Culver, 1976 ; Kibler and Roberts, 1970 ;Sireit and Finnis,
1979).

2. the fatigue crack growth rate (FCGR). Experimental studies have variously suggested that the
stress parallel to the crack can increase (Joshi, Shewchuck, 1970), have no effect (Liu, Allison,

1841



User
Rettangolo


1842

Dittmer, Yamane, 1979 ; Kitagawa, Yuuki, Tohgo, 1979) or decrease the FCGR (Leevers,
Culver, Radon, 1979 ; Hopper, Miller, 1977).

EXPERIMENTAL CONDITIONS
Material
The experimental work was carried out cn a E36-Z steel (AFNOR Standard) which is generally
used in the construction of offshore platforms. This material was hot-rolled into plates of 20 mm
thickness. Its chemical composition and mechanical properties are given in Tables 1 and 2.

TABLE 1. Chemical Composition of the E36-Z steel.

C Mn Si S B Ni Cr Mo Al N2

0.145 1.40 | 0.292| 0.003 | 0.006| 0.42 | 0.075| 0.031| 0.019 | 0.012

TABLE 2. Mechanical Properties,

Oy ouTS Elongation | Reduction
to njfture in Area
(%) (%)

(N/mm?2) | (iK/mm?2)

370 530 33.5 75

Description of the Test Rig

The machine used for the experiments Is des-
cribed in Fig. 1. It is a horizontal machine
with two actuators (250 kN dynamic capacity
for each) pulling in two perpendicular direc-
tions. At the present time, it is possible to
apply in-phase loads in the two directions or
to vary one load, while maintaining the other
constant. In any cases static and dynamic
loads can be adjusted separately in the two
directions.

With this testing equipment, the specimen
must leave the center of the machine when
loads are applied. In order to avoid bending of
the specimen, two roller-bearings are sup-
plied on each loading arm.

Fig. 1. Blaxial test rig.
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A2 The specimen (Fig. 2) used was of cruciform
shape. It was 20 mm thick throughout except for
the central part which was 4.2 mm thick, over a
diameter of 100 mm. At the center of the speci-
men, a notch 15 mm long, was machined. It could
be oriented in any direction with respect to the

loading arms.

Specimen Calibration

Strain gages and finite element method (F.E.M.)
calculations (Gerald, Nguyen, 1978) were used to
derive the principal stresses at the center of the
cruciform specimen withoutacrack, and to deter-
mine the extent of the zone where the stress
field is uniform.

e

Fig. 2. Biaxial test specimen.

o1 02
The result of this calibration is_shown in Fig. 3. It gives the variations of Fy~ and “FT as a
function of the load biaxiality 'FZT A regression analysis applied to strain gages measurements

gives : o
'F11'= 1.409 - 0.423 —2

F1
%2 F2
i -0.453 + 1.496 = (F inkN and in N/mm2)

Figure 3 shows also that strain gages measure-
ments agree with F.E.M. calculations. At last, it
is important to notice that ¢

- the stress biaxiality varles from -0.35 to 1 when
the load bilaxiality varies from O to 1 ;

- the principal stresses are parallel to the applied
loads.

The stress field unifcrmity was analysed by Gerald
and Nguyen (1978) only with the help of F.E.M.
in the equiblaxial configuration. In this configura-
tion, 01 should be equal to 5.

Ratio 0/F1; @(N/mm2), F1(kN)

strain gages
————— FEM

I 1 1 L I Il I

ol
0 05 10
Load ratio F2 /F1

Fig. 3. Calibration of the cruciform specimen used
for biaxial studies.
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As shown in Fig. 4, the difference of the principal stresses values is less than 5% within 60% of
the useful zone of the specimen.

Specimen Calibration with a Fatique Crack .

For the inclined crack under biaxial load in an infi-
nite sheet, K| and K|l are given by the following

F.E.M. calculations
cruciform specimen

5

? i equibiaxial loading formulae1 : . o

s N =—2'°1/T—Ia_ 1+ T - (1- 57 cos2a
£ o 1 %\

s " K= 3 Oy/na < = 7;1—> sin2q

:‘5 5: where is the angle between 01 and the crack.

In the particular case where the initial crack is
perpendicular to the maximum principal stress 91,

ST W B W

) 20 40 60 80 100 Kl is reduced to zero and Kl =01vma for any
Diometer of the useful zone of the specimen(mm) value of 02
B
ol

Fig. 4. F.E.M. analysis of the biaxial stress
field uniformity in the equibiaxial case.

In order to take into account the finite specimen dimensions, a geometry factor F must be ap-
plied : K =F xo/ﬁ

Unlaxial FCGR experiments were carried out on the cruciform specimen, the results of which

were identified to those obtained with CT specimens-on the same material for the same load ratioc

Re= ol 0.1, following a procedure described on Fig.e 5. It was found : F = 1,101 - 0.42 ‘—;

max
where D is the diameter of the specimen useful zone.

Cruciform specimen CT specimen
uniaxial load (R=0.1)

da da
Lo 109Gy

1

L3
9_9_ 10'7(&>

aN"-" \26
o

) )
log AK
AK; =f(a)

Fig. 5. Experimental determination of K| for mode | fatigue cracks
propagating in the cruciform specimen.

a

Fatigue Crack Growth Monitoring

In all cases, we used crack propagation gages to monitor the crack length by increments of 1 mm,
When the crack was supposed to deviate from its initial direction, the gage was stuck in the
direction predicted by an analytical criterion (see par. "Mechanical analysis").

SR
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EFFECT OF BIAXIAL LOAD ON MODE | FCGR

Definitions and Test Conditigns

-0x Is the principal stress parallel tc the crack.

-Oy s the principal stress perpendicular to the crack.

a
- Biaxiality ratio B = "O-L. In all the experiments of this work, this ratic is constant at any
moment of the load )f:ycle. This means that the loads were applied in phase, with the same
min ogun

load ratio R which induces the same stress ratio R =

X
omax gmax
X y

= 0.1,

- Mode | fatigue cracking can be obtained either with a crack parallel to a principal stress,

whatever the biaxiality ratio, or in the equibiaxial

Fatigue Crack Growth whenox <oy

3?!?1;?] (iﬂr(i?ﬁ{mi[’ﬁ?]
i -

case whatever the crack direction.

The crack was found to grow straight
when the maximum principal stress was
normal to it, as shown on fig. é.

Fig. 6. Some examples of fatigue cracks propagating under

mode | conditions in a biaxial stress field where Ox
3.1077 -
ot E36-Z
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Stress intensity factor AK (MPay/m)

Fig. 7. Comparison between FCGR obtained under
uniaxial and biaxial loading conditions.

<Oy,

Figure 7 also shows the variations of FCGR as a
function of AK| during these experiments, They
were all carried out in the same range of AK|
values, but for different values of the stress bia-

xiality B = B..l‘.. ranging from -0,35 to 1. It can

be seen that the ratio B has no influence on
the fatigue crack growth rates observed.

The conclusion that can be drawn from these
results is that the FCGR under biaxial loading
can be correctly described by the same Paris
equation as in the uniaxial case provided there
is no deviation of the crack (K| =0) and that
the stress parallel to the crack is lower than
the normal stress.
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Fatigue Crack Growth when Oy > Gy

Figure 8 shows a typical result of FCG when the
biaxiality ratio B is more than unity. In this case,
it was equal to B = 1.5 with a stress ratio R in
the two directions equal to 0.1. As many authors
(Leevers, Radon, Culver, 1976 ; Liu and co-
workers, 1979 ; Kitagawa and co-workers,
1979), we observed that'the crack propagated
along an S-shaped path. It must be emphasi-
zed that this crack path does not present any
tangential discontinuity. For this reason, such a
crack must not be cénsidered as a mixed-mode
crack.

Some authors (Cotterell, 1966 ; Streit and Finnie,
1979 ; Finnie and Saith, 1973) mentionned that
such a phenomenon could be described if the
finite term of the power series development of
the crack tip stresses (with respect to/r) was
considered, usually called the non-singular stress.

Fig. 8. S-shaped crack path in a biaxial stress
field where Ox > Oy.

iHowever, because no exact analytical solution can calculate the stress intensity factor of a
S-shaped crack, it is neither possible to predict the amount of crack curvature with respect to the
non-singular stress, nor to analyse the FCGR results obtained in such conditions.

GROWTH OF i4IXED~MODE FATIGUE CRACKS

Test Conditions

Tests were carried out on cruciform specimens with notches at 45° from the loading arms direc-
tion. They were precracked on 3 mm from the notch under equibiaxial load condition. The loads
were then changed to have a stress biaxiality different from 1.

The stress intensity factors become :
o

1 2
=0
K| 2 1/na (1+ T1)
- oyma (1 '—02)
iS5z =G

Like previously, stresses were applied in~phase and with the same R ratio of 0.1.

Test Results

Some examples of kinked cracks obtained in
different mixed-mode conditions are shown
on Fig. 9.

Fig. 9. Examples of kinked crack
a. 02,(11 = 0.435 b.02/c1 = -0.32.
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From the experiment no 2Z-14, it can be ncticed that the crack path after kinking may not
remain straight, but tends toward the perpendicular direction to the maximum principal stress, that
is to become a mode | fatigue crack. This is the reason why in the table 3, the measured angles
refer to the first steps of the kinked crack, to be compared to the analytical predictions.

The experimental crack paths were observed with an optical microscope at a magnification of
50. Kink angles measured on the two faces of the same specimen sometimes showed different
values : specimen 2Z-9 for example. A reason for this may be the plane-stress regime that can
develop at the crack tip, because of the reduced specimen thickness. As an average value of the
kink angle has no physical meaning, Table 3 only gives the extreme values observed for each

experiment.
TABLE 3. Comparison between Experimental Re and A
the Kink Angle.
Oy Kink angle
Specimen 'TJT
Erdogan - Sih Amestoy and others | Experimental
(1963) (1981)

2Z2-15 | -0,32 61° 66° 57°-65°
2Z-9 0,06 50,55 55° 57°-59°
2Z-14 | 0,435 35,5° 36° 35°-36°
2Z-11| 0,54 29° 30° 20°-23°

iiechanical Analysis

Let us consider an elastic body in plane-state condition : many authors have attempted to
predict branching which appears in experiments of mixed-mode fatigue crack propagation.

A first criterion (approximate) was proposed by

Erdogan and Sih (1963) who assume that the crack

will _develop in the direction 6 =00 for which

@99 /2-1r;cee(e) is maximum (Fig. 10) where oggis the

normal stress in the neighbourhood of the crack tip.

- Thus the equation for determining the direction of

< crack growth has the very simple analytical form :

¢ Kl sin® + (3 cosB - 1) Kl = 0, where (KI, KII) are the

stress intensity factors of the crack in the initial
state (see alsc Nuismer, 1975 ; tioward, 1978).

Fig. 10. Definition of oy

More recently some authors (Bilby and Cardew,
1975 ; Bilby and co-workers, 1977 ; \Wu, 1978 ;
% X Amestoy and others, 1981) have performed careful
R R analysis of the kinked crack problem so that the
42 criterion can be expressed by means of the exact
e. (/5—’0) analytical computation of the stress-intensity fac-
tors (k1, k"z‘) which appear at the tip of an infini--
A tisimal kink deviated of an arbitrary angle from the
crack (Fig. 11).
Fig. 11. Definition of k% and k%,
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0 M AMESTOY S Ky, KI) is }mown, it is possible to plot
= ~ the branching angle versus the initial
§ 60 ~ ) $¢ parameters (K|, Kll), that is§ = f(Y) with
Sl TN tg Y=%‘.(Fig. 12).
|
qi i 699 mo.x N Notice that Erdogan's criterion gives a
.%"., rather good approximation of the solu-
5 & tion to the problem (dotted curve in
X - Fig. 12). It is worthwhile to specify that
< these results only predict the branching
20} angle at the beginning of the crack
\ growth without explaining curving
10 | effects which can be observed as the
crack grows on a finite length (see
A n I n 1 1 A 1 Fig. 9b).

10 20 30 40 50 60 70 80 90

Crack orientation, B (degrees)

Fig. 12. Comparison of criteria commonly used to predict
crack branching.

CONCLUSION

This paper describes the testing equipment which was used to study fatigue crack growth in a
biaxial stress field. -

Tests were carried out on a cruciform specimen which exhibited a useful zone of 60 mm diameter
where the stress field was found satisfactorily uniform. Principal stresses were calculated with the
help of strain gages or F.E.M.

From the experimental work carried out on a E36-Z steel (AFNOR Standard), the following con-
clusions can be drawn :

- The propagation path and FCGR of mode | fatigue cracks are not modified by the stress parallel
to the crack ox, for biaxiality ratios ..g.’&. lower than unity.
y
- When _ng Is greater than one, the crack is observed to take an S-shaped path.
- When K|l # 0, the crack is observed to kink with an angle which can be correctly predicted by
analytical solutions,
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