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ABSTRACT
Fatigue tests have been performed on a low carbon alloy steel (Chinese Indu—
strial Standard 16MnR) in a closed-loop servohydraulic biaxial fatigue testing
machine, Based on finite element analyses and strain gauge measurements, a
reasonable configuration of the cruciform specimen is determined. The Mode T
stress intensity factors, Ky, of the central penetrated cracked cruciform
specimen with various crack lengths are computed by the contour integral method
combined with the finite element analysis. It is found that the value of Mode I
stress intensity factor of a cruciform component with a central penetrated
crack decreases with the increase of the tension load parallel to the plane of
the crack. _
The experimental results indicate that when the biaxial load ratio,_A=Px/Py,
is greater than zero and the range of Mode I stress intensity factor (AKI) is
in the scope of 28-70 MPa,f, the biaxial load ratio and the rolling direction
of the steel plate are of no significance in the relation of fatigue crack

growth rate and AK7.
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NOMENCLATURE

A Biaxial load ratio
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» Biaxial stress ratio ()\=0k/6& )
a Half crack length
Ki Mode I stress intensity factor
AKy Range of Mode I stress intensity factor
E Young’s Modulus

R P P

min/ max

INTRODUCTION

Structural components are usually subjected to biaxial or multiaxial cyclic
loadings. The behaviour of materials in biaxial stress states has been studied
for many years. However, there are some discrepances in the researchers’
opinions about the effect of A on fatigue crack growth rate (FCGR) of Mode I
cracks, Truchon[ ] indicated that the A has no 1nfluence on the FCGR. Gao
[ ] reported that the FCGR decreases with the increase of A, And Kltagawa[B]
found that the significant effect of A on FCGR appears when a crack is small
and stress level is high,
Reasons for aforesaid discrepances might be that the configuration of the
biaxial specimens used by the aforenamed researchers are different and the
methods of the Ky calibration for their specimens are not the same.
Therefore, in the present paper, a reasonable cruciform specimen was determined
Then, the Ky values of the specimens used were computed accurately by the con-
tour integral method combined with the elastic finite element analysis. The fa-
tigue tests were conducted on a low carbon alloy steel 16MnR which is widely
used in the manufacture of pressure vessels in China under biaxial loading at
room temperature and atmosphere. And the effect of the load parallel to the

plane of the crack on FCGR has been discussed.
GEOMETRY OF THE CRUCIFORM SPECIMEN

The cruciform specimen was designed based upon the principle of an uniform

stress field in the working region of the cruciform specimen and of a small

{11,02],13]

difference between A and A. By reference to the literatures , espe-

[7]

and strain gauge measurements, the geometry of the cruciform specimen was de-

cially to the literature , and upon the results of finite element analyses
termined, as shown in Fig.l.

The specimen used in uniaxial fatigue tests for the contrast purpose is depicted
in Fig.2,

The stress distributions in the working regions of the cruciform specimens used

[3]

in the present paper and used in Reference are shown in Figs. 4 and 5, res-
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pectively. And the stress distribution of the cracked plate subjected to biaxial
uniform stresses is shown in Fig.6. The definition of Oy,and Oy is shown in Fig.5.
Comparing Fig.4 with Fig.5 and Fig.6, it is found that the configuration of

the cruciform specimen used in the present paper is reasonable,
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Fig.3 The finite element mesh of one quadrant of the

cruciform specimen for the elastic finite element

analysis and the KI calibration,
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CALIBRATION OF STRESS INTENSITY FACTORS

In the present paper, the Kp values of the specimens were computed by the con—
tour integral method combined with the finite element analysis. The Ky for

plane stress is given by the following equation[4]

Ky =JJE (1)

where J can be represented by the equationES}
o (=0 £, 20 auy
J Jr(w O b Ty S5 Ay H(Tyey £ +0y ) dx (2)
where J = value of J integral, I = path of J integral,
W = strain energy, Ox: Oy» Txy = normal and shearing stresses,
&y = normal strain in X-axis, —%%*= partial derivative.

Firstly, based on eq 2, the J value of the plate containing a Mode I crack
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was computed by a method of numerical contour integral while a finite element
analysis have been completed. Secondly, the K1 value was obtained by using eq.l.
According to the foregoing procedure, the program FJKP computing the Ky value
was written for a personal computer.

The quarter-point quadratic isoparametric elements were used in the region of

a crack tip, and the standard quadratic isoparametric elements were used in the
rest region, '

As for the cracked plate subjected to uniaxial stresses as shown in Fig.7,

K%%Eﬂaxial (the K1 obtained by the Ky calibration given in ASTM Method E647)

is equal to 2.73305 MPaJm, and K?iﬁiaxial (the K{ obtained by the program FJKP)

is equal to 2.71678 MPa/il. The relative difference between Klﬁﬁgﬁxial
FJIKP

K1 uniaxial is equal to 0.599%. Therefore, the accuracy of the program FJKP

and

is high,
As to the cracked plate subjected to equibiaxial stresses, as shown in Fig.8,

Kgigiibiaxial(the K; value obtained by the program FJKP) is equal to 2.70725

MPafm. By comparing the values of K%ﬂg;axial and KE{&iﬁbiaxial’it is found
that the KI value of a square plate containing a central crack subjected to
biaxial stresses is independent of the biaxial load ratio,A, The similar con-—
clusion was also obtained in Reference[ﬁ}.

The finite element mesh for the Ky computation of the cruciform specimen
used in the present paper is shown in Fig.3, Using the program FJKP, the K1
values of the specimens as shown in Figs. 1 and 2 respectively were obtained,
the results are shown in Fig.9 and represented by the equation

Ky = Flfasec(an) {3)

where the constants Fl and F2 are listed in Table 1, KI==MPaI§] a=cn,
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Fig.8 Central cracked plate Fig.9 Stress intensity factors for
subjected to equibiaxial stresses. Mode I cracks in the cruciform

specimen and the uniaxial sgpecimen,
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Table 1 —— Coefficients Fj and F3 in eq 3
Fl _ F2
0 29,9532 0.,189151
Cruciform
] 0.5 27.8522 0.197903
Specimen | 4 25.6537 | 0.207096
Uniaxial 0 36,1146 | 0.249521
Specimen

. , , . . mi
As to the cruciform specimen as shown in Fig.l, when a is equal to 2477, accor-

ding to eq 3

A=Q A=1
T h 100%= 13.11
K%=1 00%= 11%
As to the cruciform specimen used in Reference[B], when a is equal to 24mm,
A=0 A=1
KI - KI 1
- 100%=120.15%
A=1
Ky

Therefore, the aforesaid analysis shows that the KI values of cruciform compo-
nents are reduced with the increase of the tension load parallel to the plane

of the crack.
EXPERIMENTAL PROCEDURE

Fatigue crack propagation experiments were carried out on a 16MaR steel. The
chemical compositions (wt—%) are C 0.14, Mn 1.46, Si 0.47, 5 0.010, and P
O.bl?. And the mechanical properties are yield stremgth 375.2 MPa, tensile
strength 574,1 MPa, and reduction in area 57.9 .

All tests were conducted under load contral in the closed-loop servohydraulic
biaxial fatigue testing machine in a room temperature and atmosphere, using
the specimens as shown in Figs. 1-'and 2. The frequency of cyclic load is 10
Hz, and the wave form is sinusoidal. The phase difference between the loads of
both axes was zero, and the load ratio, R, employed was 0.05. The experimental
conditions of all the five groups of tests conducted in the present paper are
listed in Table 2.

At the center of a specimen, a slot of g™ length was formed by spark erosion
and a pre-formed crack was propagated by fatigue to about 10™ under uniaxial

loading. The crack length was monitored using a travelling microscope,.
EXPERIMENTAL RESULTS AND DISCUSSIONS

FCGR were determined by the seven point incremental polynomial technique
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Table 2 —— Experimental Conditions

Ordinal number of

kLY
the test group 1 T T v

A 0 0.5 0.5 1 0

Crack plane orientation 1.-T L~T T-L L-T L-T

} Specimen Cruciform Specimen Uniaxial Specimen
]g

i Py max 98.1 KN 78.5 XN

Py min 4.9 KN 3.9 XN

[ . Number of the specimen
tested in this group

; Note (i) L-T corresponds to the case that the plane of the crack is
5 perpendictlar to the rolling direction, and T-L corresponds
to the case that the plane is parallel to the direction.
(i) Pynmx’ Pynﬁn’ Py maxe @nd Py o4, are the maximum and minimum
values of the cyclic loads exerted upon the specimen.
(#i) In the fourth group of tests, the specimens in which the
cracks propogated along straight paths are listed in Table
2, and other three pieces of specimens in which the cracks
- - propogated along S—shaped paths are not listed in Table 2.
recommended by ASTM Method E647-81, The data of FCGR for the third group of
experiments (See Table 2) were presented in Fig. 10,
The regression equations of FCGR versus the AKI Dzmbngwmg
for the first, second, third, fourth, and fifth T_I;
groups of experiments were represented by the
eqs 4, 5, 6, 7, and 8, respectively
da __ -9 2.84
Hﬁ-—-é.ﬁxlﬂ (aXy) (4) e
da -9 2.84
dN-—-ﬁ.BxlO (aK1) (5)
da __ -9 2.84 .
Eﬁ——ﬁ.éxlﬂ (AKI) (6)
da -9 2.84
Eﬁ=6.7*10 (AKI) (7
da _ -9 2.84
Lo ﬁ—é.hlo (8Kp) (8)
P where KI==MPaJﬁ,
[ da . DK} BEAHsLr 23
: s mm/cycle, 2 7 36 41 52 onoescesns

In order to compare fatigue crackngrowth behavi- Fig.10 Plot of KI versus

our conveniently, the exponent value of eq 7 FCGR for the third group

was taken the same as those of egs 4, 5, 6, and of tests.
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8 in regression processing. 2107

The upper and lower bounds of
the scatter band and the data

for all the groups of tests . %4Jﬂf%KﬂL&
conducted in the present paper w0

are presented in Fig.ll,
Fig.1l1l and the egs 4, 5, 6, 7, é B

and 8 show the A and the roll- 5 o

10 -
ing direction of 16MnR steel

have no significant effect on 7
FCGR, And the data for all the L
groups of tests fall within a
narrow band.

'the metallographical analysis .
of 16MnR steel indicates that

the microstructure of the ma-

terial has no apperant direc- 10
tivity. Hence the influence of ) M
rolling direction upon FCGR .
Fie.11 Crack-growth rate as a function
might be negligible. The deduce 8 g
. . of stress—intensity range for all the
agrees with the conclusion ob-
. . tests (with the influence of A on Ky
tained from fatigue tests.
e , having been taken into account).
In the equibiaxial fatigue te-
sts, it is found that the crack
propagated along an S—shaped
path in three pieces of specimens, and in the other four pieces of specimens
the crack remained to have propagated along a straight path.
These phenomena also were reported by Truchon and co—workers[l].
The reason for the phenomena might be that any direction in the working region
of the cruciform specimens is the direction of principal stresses when A=l so
that the crack growth direction is relatively arbitrary.
The reason the conclusion obtained in the present paper om the effect of A on

[2]

FCGR does not agree with the conclusion obtained in Reference is discussed
as follows.

Gao[2] reported that the FCCR for uniaxial stress condition is about 30 percent
higher than the rate for equibiaxial stress condition. In the other hand, as
shown in Fig.11, the conclusion obtained in the present paper is of no apperant
effect of A on FCGR.

The Ky value of the cruciform specimen used in Reference[z] is independent of A,

and the Kt formula of the cruciform specimen used in the present paper is the
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If the influence of A on Ky of the cruciform
specimen used in the present paper was.dis-
regarded, all the fatigue data were rehandled
with the KI value for A=0, as shown in Figs,
12, and 13. And Fig.13 shows that the FCGR
for A=0 is approximately 30% higher than the
rate for A=l in the case of neglecting the
influence of A on Ky of the cruciform speci-
men. The result shown in Fig.13 agree
roughly with that of Gao in Reference[z]
shown in Fig.l4,

Thus it seems that the reason the conclusion
in the present paper is not consistent with

that in Reference[z] might be that the
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[2]

influence of A on Kg for the cruiform specimen used in the Reference was
not taken into account in KI calibration in Reference[ZI,

The fatigue data processings of taking and not taking the influence of A on Kq
of eruciform specimens into account are presented in Figs.l5 and 16, respect-
ively.

By comparing Fig.ll and Fig.l2, it is found that the scatter band of data
points in Fig.ll is narrower than that in Fig.12. Thus it seems that the in-

fluence of A on Ky of cruciform specimens should be taken into account in the

processing of biaxial fatigue data.

Biaxial fatigue 34 The relation of Ky and &
test curves for the crudiform specimen,
(with the influence of A on Ky
A=0 having been taken into accoumt}
A=1
da A=0 A=l AKX
I da
o
//2/. —
a AKI

Fig.l5 The fatigue data processing of taking the

influence of A on KI of the cruciform into account.
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Fig.16 The fatigue data processing of not taking the
influence of A on KI of the cruciform specimen into

account.
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CONCLUSTONS

1. The biaxial load ratio and the rolling direction of the steel plate (16MnR)
are of no significance in the relation of fatigue crack growth rate and AKq
when A is greater than zero and AKy is in the range of 28-70 MPaJm.

2. By using the contour integral method combined with the finite element ana-
lysis, it is found that the Xy values for cruciform—shaped components decrease
with the increase of tension load parallel to the plane of the crack.

3. It seems that the reason for the discrepance between the conclusion on the
effect of A on FCGR in the present paper and the conclusion in Reference[z]
might be that the influence of the tension load parallel to the plane of the
crack on KI value for the cruciform specimen was not taken into account in

(2]
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