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ABSTRACT

A welded joint with a transverse crack in a hard weld or HAZ is simplified
as a model of the strip with a longitudinal sandwiched hard layer containing
a crack perpendicular to interfaces. The J-integral, COD at the centre of the
crack and load-point-displacement in models containing a hard layer of
different width are calculated by means of the elastoplastic FEM under plane
stress condition. The effects of mechanical heterogeneity are described by a
comparison of the results obtained by the FEM with those estimated by the
EPRI engineering approach for homogeneous material. The results of our
study showed that in the nonlinear stage, the effects of heterogeneity are
gimilar to those in the models with a transverse sandwiched hard layer
containing a crack parallel to the interfaces. The ratios of the values
computed by the FEM for heterogeneous models to those by the EPRI
approach can be regarded as modifying coefficients.

*This paper is a part of reports of the scientific subject sponsored by the
National Natural-Science Foundation of China.
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INTRODUCTION

It is well known that the fracture of welded structures is generally caused
by various defects in welded joints, while macro-mechanical heterogeneity is
one of their major features. As the service temperature of some welded
structures is higher than the ductile-brittle transition temperature, a large
yield region is produced usually before fracture occurs. In this case, linear
elastic fracture mechanics is no longer applicable, and only elastoplastic
fracture mechanics should be used. Therefore, the research of elastoplastic
fracture parameters for heterogeneous welded joints is of theoretical
significance.
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Fig.1l. Simplified model
of welded joints
containing a crack. Fig.2. Model used f
(a) Parallel crack; analysis. or FEM
(b) Perpendicular
crack.

In order to get a full v'iev.r of the effect of heterogeneity of welded joints
on fract.ur'e pa'arameters, .1t is necessary to investigate another typical model
as shown in Fig.1(b), which contains a crack perpendicular to the interfaces

PROCEDURE OF THE ANALYSIS

1.\ sfimplified model of an overmatched welded joint is i i i
i8 in tension on the ends and which containsJ: trans::::;nc;:cilgil;lz.aw::;:
or HAZ, namely a crack perpendicular to the longitudinal direction in the
hard layer. The length of the model is 2L=160mm, the width 2b=64mm, th
length of the crack 2a=8mm, the ratios of the hard layer width to the : :
length h/2a=0.00, 1.00, 1.25, 1.50, 2,00, 3.00, and «, respectively. erae
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The nominal yield stresses of the hard layer and the base material (soft
zone) are 0,=1332 MPa and o,,=666 MPa, respectively. The Young’s modulus
E=2.0x105 MPa and Poisson’s ratio v=0.3 for both materials. Their stress-strain
relations obey the Ramberg-Osgood law:
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As the simplified model is geometrically symmetrical, merely a quarter of it
is investigated. The finite element mesh consists of 490 nodes and 881 right
isosceles triangle elements with different sizes. The size of the elements
located near the crack tip is smaller than a/360. The elastoplastic parameters
in a plane stress condition are calculated by the incremental chord stiffness
finite element method with an automatically corrective effect (Ma, 1987).

For the simplified models with a hard layer of different widths, the
J-integral, opening displacement at the centre of crack ¢ and
load-point-displacement q are calculated by the FEM at each load increment,
and these parameters are also estimated in the same remote stress condition
by the EPRI approach by using the property of the hard layer material. The
results estimated by the EPRI approach are marked by Jeprin, Oeprmm, and
gerrine The influence of the width of sandwiched hard layer h/2a is shown
by comparing the results calculated by the FEM with those obtained by the
EPRI approach.

Generally speaking, the path-independence of the J-integral defined by Rice
will not be maintained for these heterogeneous models, so a modified
definition of J-integral applicable to heterogeneous layered materials was
proposed by (Ma et al, 1988):

Iwn!—n.‘o(,u._[)ds (]

v

r. LA
J= | lwn,-no,u,, lds=)
r = i Je

=

Where I denotes any contour surrounding the crack tip which begins
counter clockwise from the under surface of the crack and ends at the
upper surface, ¢, any counter clockwise closed curve which is within the
area surrounded by / and passes through two intersecting points of the
K-th interface segment and /, n is the direction cosine of the outward
normal to © or ¢., ds arc element on /' or ¢, W the displacement component
, o, the stress component, and w-[o,de, the strain energy density. The
path independence of the J-integral defined by eqgn.(1) has been proved by
Ma et al (1988). When the contour is wholly within the sandwiched layer (It
means that does not go through the interface between the sandwiched layer
and the base material), Eqn.(1) becomes

[ \ 5
J=J, (wn,-n,0,u,,ids (2)
¥

which is the original J-integral defined by Rice.
For verifying the path-independence of the J-integral and obtaining a more

precise mean value, in the present study the J-integral values are evaluated
from Eqn.(1) along nine contours which are different in length, from a/4 to
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48a. The original J-integral defined by Egn.(2) is also evaluated to
investigate whether it remains path-independent without modification. The
procedure for numerically evaluating the J-integral defined in eqn.(1) is
given by Ma et al (1988). The procedure for estimating parameters J, &,

and q by using the EPRI approach can be found by the EPRI approach
(Kumar et al, 1981).

To analyse the crack problem concerning heterogeneous models, a source
program is developed by the authors. In the following, it will be indicated
that the results calculated by this program coincide with those estimated by
the EPRI approach, which shows the correctness of this program and the
reliability of the calculated results in the present study.

CALCULATED RESULTS

The J-integral is evaluated the modified expression Eqn.(1) along nine
contours with different lengths from a/4 to 48a separately. The value
integrated along the i-th contour is denoted by as J. The relative error Er
(Er=(%-J)/J) to the mean value of the J-integral values along the 9

contours, i.e.
l 9
J==> J
527"

is within 24 percent, as shown in Table 1 for the model with h/2a=1.25.
These integral contours are shown in Fig.3. Thus the path-independence
of the J-integral defined by
Egn.(1) is confirmed by the
< finite element analysis using the
2 incremental plasticity theory. In
Table 1, ¢ is the nominal stress
applied on the ends of the
model, o,, is the yield stress of
the base material and r,.7,.....7,
represent the nine integral
contours respectively. It is
shown in Table 2 that the
J-integral value evaluated from
Egn.(2) instead of the modified
expression Eqn.(1) are far from
keeping path-independence.

o)

0l

Fig.3. Integral contours.

Table 1. Er(¥X) calculated by Eqn. (1). h/2a=1.25.

Integral ol/a,,

Contour 0.03 0.09 0.27 0.55 0.87 1.11 1.31
Ty -1.1 -1.1 -1.5 -1.3 -1.5 0.6 0.1
ra -1.3 -1.3 -1.7 -1.4 -0.6 2.1 0.8
rs -1.8 -1.8 -2.3 -2.0 -1.1 1.8 1.0
T -3.4 -3.4 -3.5 -3.7 -4.0 -1.5 -0.7
Ts 1.9 1.9 2.1 2.0 1.2 0.6 0.8
Ts 1.2 1.2 1.5 1.9 1.6 -0.6 -0.6
T 0.5 0.5 0.7 0.9 0.5 -0.7 0.0
T's 2.0 2.0 2.3 1.9 1.9 -0.9 -0.7
1K) 2.0 2.0 2.3 1.7 2.0 -0.8 -0.8
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Table 2. Er(%) calculated by Eqn. (2). h/2a=1.25.

Integral 6/04,

Contour 0.03 0.09 0.27 0.55 0.87 1.11 1.31
I -0.5 -0.5 -0.8 6.3 21.7 35.5 38.8
r2 -0.7 -0.7 -1.0 6.2 22.8 38.3 39.8
I -0.8 -0.8 -1.3 5.3 20.7 34.5 33.6
Ta -1.6 -1.6 -2.0 2.8 12.1 20.2 15.9
rs 1.1 1.1 0.7 3.6 6.7 8.1 -0.8
Ts 0.6 0.6 0.4 1.4 0.4 -2.0 -10
ra -0.2 -0.2 -0.4 0.7 0.1 -0.5 -8.0
Ts 1.0 1.1 1.7 -17.0 -25 -41 -36
Ie 1.0 1.1 2.7 -19 -60 -35 -73

The comparisons of the J-integral, opening displacement at the cent;(;nc;f l}hi
crack 8 and load-point-displacement q calculated py the = do
heterogeneous models containing a sandwiched layer of different h/ . un t‘a;
various load levels with those estimated by the EPR.I ap.proach according
the properties of the hard layer material are shown in Fig.4.

It is quite evident that the EPRI
approach is not applicable for welded
joints with a sandwiched hard lay(-_zr
containing a perpendicular crack in
| the none-linear stage responding bo
r," high load levels, unless it is

Q_)TLJEO_;,T 0e
5]

l

! modified. J/Jerrin, 8/6epRIn, and

{ q/qeemin  shown in Fig.4 can be

—=e— h/aa0.00 l."" regarded as modifying coefficients.
T Wt 111 It can be found that J/Jepam, 6/6cerins
T e— /I and q/qeermn are almost equal to 1
when h/2a=~ (Fig.4), which show that
the FEM program used in present
study is correct and the calculated

values are believable.

—_——

—_—a —

as Fig.4 also shows that the effect of

hard layer width upon J and & is
similar to that in the model with a
sandwiched hard layer containing a
parallel crack, which was reported
by Ma and Tian (1986) and Tian'ar{d
Ma (1987) as shown in Fig.5. Within
the range of 1<h/2a<w, the smalt.'.lﬁr
i ard is the h/2a, the Ilarger are e
Fig-- ]]zfyf::tw(;fit: on values of J or 6, and the higl-)er is
J-integral. Crack the load, the more remarkable is the
is parallel to effect of h/2a.
interfaces (Ma
and Tian, 1986).

Als

7.0
1) as

Combining the results in the present
study with those in above Refs.,'
for the models with a sandwiched hard layer ct?ntain.ing a p.arallel crack, it
can be deduced that, as far as the crack driving force is c.oncerx!ed, a
crack in the hard and narrow region of a welded structure is easier to
propagate, and consequently is more dangerous.
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(a) J/Jeprin — 0/0,,;
(b) 6/8gprin - 0/d,;
(c) q/Qeern - o/0,,.
Subscript EPRIh
represents the values
estimated by EPRI
approach corres i
to hard layer. ponding
(Plane stress,
. Normalized, and

75 2a/W=1/8.)
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CONCLUSIONS

After 8nalyslng the elasto lastic f racture arameters of we ded joi nts with a
P P f 1 )
sandwiched hard la yer contalnlng a perpendlcular cz‘ack, the followi
ng

conclusions can be drawn:

l). Th th- ndepe dence o t = al for a e ogeneous
e pa 1 n n f he modified J lntegt heter 74

material crack problem is confirmed.

2). The J-integral openin, displacement at the centre of crac o
) 4 ] g P ack 2
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and

load—point-displacement q are affected by the material heterogeneity. The
EPRI approach, applicable to homogeneous materials, is not suitable for
heterogeneous welded joints, unless it is modified. All the ratios, J/Jeprihs
J/ Jeprisy 8/8epriny 8/ 8EPRIs) q/Qeerin, and q/qQerris given in the present study,

can be regarded as modifying coefficients.

hanical heterogeneity on the value of J-integral and &
is similar to that in the models with a sandwiched hard layer containing a
parallel crack. The smaller is h/2a, the larger are J and 6 and the higher is
the load, the more remarkable is the effect of h/2a.

3). The effect of mec

4). In regard to the crack driving force, the crack in a hard and narrow
brittle zone of welded structures is more dangerous.
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