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ABSTRACT

The feasibility of fully plastic solutions of welded center-cracked strip
for plane stress problem was investigated with the fully plastic finite
element method. The fracture mechanics parameters such as J-integral,
crack opening displacement, and load-point displacement of weldment were
computed and discussed. It was introduced for engineering approach of
assessing the fracture mechanics parameters of weldment that there exist
an equivalent yielding stress and an equivalent strain hardening exponent
in the vicinity of the crack tip keeping the assessment of fracture
mechanics parameters of weldment like the homogeneous material. The
engineering approach was given for estimating the fracture mechanics
parameters of weldment with mechanical heterogeneity in elastic-plastic
range.
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INTRODUCTION

Welding structures are widely used in important engineering structures
such as boiler, pressure vessles, off-shore structure,and naval vessels.
Weldments are more sensitive parts of a structure with regard to crack
growth and failure because of the inherent characteristics of weldments.
The majority of important engineering structures is made of low-carbon,low
alloy steels which behave both of high strength and good ductile. A large
scale plasticity will be developed at the crack tip which exists in the
welded structure prior to crack initiation. After the initiation of the
crack there will be a slow crack growth before instability occurs. Hence,
elastic-plastic fracture mechanics is required to assess the integrity of
structures containing cracks. Recently, some engineering approaches have
been developed such as two-criteria method (Dowling et al.,1975) and EPRI
approach (Kumer et al., 1981) to assess the elastic-plastic fracture
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behavior of structures. These methods have been used successfully in
pressure vessels and piping including the nuclear system for fracture
analysis. However, approaches mentioned above are not avaluable for
weldment with mechanical heterogeneity. A path independence of J-integral
in weldment with mechanical heterogeneity was proved recently (Ma et al.,
1986). 1In this paper, the feasibility of fully plastic solution of
weldment with mechanical heterogeneity was studied using the fully plastic
finite element method. The engineering approach was given for estimating
elastic-plastic fracture mechanics parameters of weldment.

THE THEORETICAL BACKROUND OF "EPRI" APPROACH

The theoretical backround of the EPRI approach includes both the HRR
singularity near the crack tip (Hutchinson, 1968, Rice et al., 1968) and
the J-controlled crack grovwth (Hutchinson et al., 1979, Shih et al., 1979).
On the basic of the theory of HRR singularity field, the stresses and
strains near the crack tip under yielding conditions varying from small
scale to fully plastic may be represented by
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where J expressed the path independent line J-integral. E is the Young's
modulus; ® , r crack tip coordinates; ffi-, 2}- dimensionless function of
the circumferential position and the strain hatrdening exponent n. In is
a constant which is a function of n, and E:o’ (oA the yielding strain and
yielding stress, complying with the pure power stress-strain law
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The condition in which crack growth will be J-controlled is the following

(3

dJ/J >> d a/r (4)
where dJ is the increment of J-integral, da the crack growth increment.

The approximate formulas for Quantities such as J, d, and A can be
written as following according to the EPRI approach,

J = Je(ae) + Jp(a,n) (5)
d = de(ae) + dptam (6)
DAc=Ace(ae) +Bcpa,n) )

where ap is an effective crack length, J.(a.), Je(ae), and Ace(a ) are
the elastic contributions based on an adjusted crack 1length; Jp?a,n),
d.(a,n), and [Sc (a,n) the plastic contributions based on the strain
hgrdening exponegt n and crack length a.
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A simple summation of the tabulated fully plastic solutions has be made
based on a lot of computations (Kumar et al., 1981). Several simplified
graphical methods for fracture analysis are employed combining the
resistance curve,Jr, of material. These permit the prediction of the crack
growth initiation, the extent of stable crack growth and possible
instability conditions.

MATERIALS AND COMPUTATION

According to the deformation theory and assumption of incompressive
material, a fully plastic finite element program in plane stress was made.
Singular elements were used in the crack tip (Henshell et al.,1975). In
addition, mechanical heterogeneity in weldment was taken into account.

In the finite element analysis, it was assumed that the weldment consisted
of both base metal and weld metal bahaving in simple tension according to
the pure power hardening law neglecting the elastic strain
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The formulas of fully plastic fracture mechanics parameters such as Jp»

&” and Acp can be written as the following equations in the manner

consistent with the EPRI approach,

Jp =0E, Oga(l-a/W)hy (a/W,n) (P/P, )™ 9
d), =% Eyahy(a/W,n)(P/P )" (10)
Acp = E,8h3(a/M,n)(P/P)" (11)

where W was the specimen width, h;_3 the function of parameter a/W and

strain hardening exponent n, and P=2w0O®°, P,=2(w-a)Q, ,where P was the
load per unit thickness and Po the reference load per unit thickness.(™
was the nominal stress of specimen in tension.

The welded center-cracked specimen configuration and finite element mesh
for the  upper-right of the specimen were shown in Fig.l and 2
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Fig.3 The J-integral of weldment and
Fig.1 Configuration of Welded equivalent yielding stress versus
Center-cracked Specimen applied load.
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respectivily. In the large strain gradient zone the mesh was refined.

In computation, the folloving data were inputted, the yielding stress of

the base metal O'py=490 MPa, the strain hardening exponent of the base

metal np=3.0, the yielding stress of weld metal Bp=390, and 490 MPa, the

strain hardening exponent of weld metal ny=2, and 4. The fully plastic

solutions were made in three different values of loading. The ratio of

crack length to specimen width a/W=0.4. The ratio of weld metal width to

ligament length H/c=0.38. The numerical evaluation of the J-integral was
conducted according to the reference (Shih et al., 1984). In the present
work, six paths of the J-integral were taken. Two of the paths Located
within the weld metal region. The others traversed both base metal and
weld metal. with the mesh having 124 elements and 850 nodes the time per
an exponent n or an yielding stress was about 5 min on a Honeywell DPS/8-
52 computer.

RESULTS AND DISCUSSIONS

If the strain hardening exponent of the weld metal is equal to that of
base metal, the difference of the fracture mechanics parameters between
the homogeneous material and the welded joint is mainly caused by the
difference of the yielding stresses between weld metal and base metal.
Therefore, it may be assumed that there is an equivalent yielding stress
in the vicinity of the crack tip in the weld metal. The equivalent
yielding stress can be get by each one in eq.(9-11). Based on Eq.(9),

EJ 2¢c\n+l } 1/1-n

W
Ueo ={( xach ar,m 2P (12)

where 0, was the equivalent yielding stress in the vicinity of crack tip,
and c=W-a. J.. was the plastic part of J-integral of the weldment and
computed by means of the fully plastic finite element method.

In Fig.3, the solid line expresses the regression curve of the J-integral
of weldment versus the applied load, and the dotted line is the regression
curve of the modified values of the equivalent yielding stress near crack
tip obtained from the Eq.(12) according to the values of Jp- versus the
applied load. It can been seen from the Fig.3 that the change of applied

Table 1 The computation of equivalent yielding stress

near crack tip for undermatched weldment.

P/Pq 1.87 2.08 2.29
Ipil e 4.473 6.640 9.602
OzslOum 1.093 1.1050 1.112
dpy/ex 0.09142 0.12270  0.16184
Oeo/Owo 1.090 1.103 1.108
Depil ot 0.05391 0.07178 0.09673
Ouo/Ouo 1.093 1.110 1.105

Note: H/c=0.38 n,/ng=1.0 07,6/080=0-8
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load will not affect the equivalent yielding stress. Almost the same value
of equivalent yielding stress can be obtained from differet values.of Jpj-
The values of equivalent yielding stress based on Eq.(9-11) were 1lsted_1n
table 1. It was indicated that the values of were quite similar in' spite
of the computations taking from J i d.j’ and [;ij. Thus, in the
condition of this heterogeneity witg difgerent yielding stresses between
base metal and weld metal, there existsan equivalent yielding stress 1n
the vicinity of crack tip to keep the forms of estimating the fracture

mechanics parameters of weldment like those of homogeneous materials. The
formulas may be written as follows,

Jpi =% &eo oéoa(1_a/w)h1(a/W,n)(P/Pe)n+1 (132
8,5 =6 Eeod ala/i,n) (P/P)" £
Deps =%Eeoa h3a/W,m)(P/Py)" L)

where Egq = Ouo/Es Pe=2(W-a) Oco

If the strain hardening exponent of weld metal is different from that of
base metal with the same yielding stress in the weldment. It may be
assumed that there is an equivalent strain hardening exponent near the
crack tip to reflect the differences of fracture mechanics parameters
between weldment and homogeneous material. From Eq.(9), the ne can be
obtained from Eq.(16),

W4 P 6
ng ={[108(0€6_§i'5?)]/[108(?—0)]} -1 (16)

The other values of d}- and ZSij may also be used to calculate the
equivalent strain hardening exponent. The table 2 gives the results
computed from J i dbj’ and ACP" respectivily. It can be seen from tbe
table 2 that tﬂe changes of 1oa3ing may not affect the equiva?ent _strain
hardening exponent, and almost the same value of Mg was g?ven'ln spite of
computing from Jp . dbj’ and Acpj' In the Fig.4, the solid line expressed

Table 2 The Computation of Equivalent strain Hardening
Exponent for Evenmatched Weldment.

P/P, 1.87 2.08 2.29
Jpil ok 4.253 6.920 10.718
ne/ny 0.953 0.942 0.935
dp /e 0.08536 0.12389 0.17277
ne/m, 0.952 0.957 0.944
Acp il 0.14578 0.20668 0.28402
ne/ny 0.943 0.935 0.928

Note:  H/c=0.38 n,/ng=1.33 0Bo/ Owo=1-0
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Fig.4 The J-integral of weldment and
equivalent strain hardening exponent
versus applied load,

Fig.5 The comparsion between the
values from elastic-plastic FEM and
those from estimation procedure

the relationship of the JP- versus the applied load. The dotted line is
the curve of equivalent sgrain hardening exponent abtained from Eq.(13)
according to J e The strain hardening exponent of base metal can affect
on the equivafent strain hardening exponent near the crack tip. When the
exponent of weld metal is larger (or smaller) than that of base metal, the
equivalent exponent near crack tip is lower (or larger) than that of weld
metal because of the stremgthening (or softening) of base metal. 1In this
condition, the fracture mechanics parameters could be calculated from the
Eq.(17-19)

Jpj = &, 0pall-aMh, (a/W,n,)(P/P,)"e*] 17)
dpj =%Eoa hy(a/Wn,)(P/P)"e (18)
Depj =% Eoa h3(a/¥,n,)(P/P )" 19

If both the yielding stress and the strain hardening exponent are
different between the weld metal and base metal, first the Eq.(12) may be
used to calculate the equivalent yielding stress, and then the Eq.(16) to
calculate the equivalent strain hardening exponent in the vicinity of
crack tip individually. Thus the fully plastic fracture mechanics
parameters of weldment with different yielding stress and strain hardening
exponent between weld metal and base metal can be written as follows,

Jpj =XEeq Ueoall-a/N) hy(a/W,n,)(P/Py)"*! (20)

dpj =X Eeo @ hylaM,n ) (P/P)"e 21

Dcpj =XEq, a hy(a/W,n, ) (P/P ) e (22)
PJ eo 2 e

For the weldment with mechanical heterogeneity, the fracture mechanics
parameters computed from the fully plastic finite element method and those
from the estimating Eq.(20-22) were scheduled in table 3. The good
relations can be seen from this table.

ENGINEERING APPROACH PROCEDURE
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It  stress-strain relation of weld metal and base metal is satisfied by
1q.{3) with different yielding stress and strain hardening exponent, the
fracture mechanics parameters of weldment with mechanical heterogeneity
such as J-integral the crack opening displacement, and load-point
displacement may be written as the following forms similar to those by
EPK1 approach for homogeneous material,

Jj = Jej(ae) + Jpj(a/w, H/W, ng, Oéo) (23)
dj = dej(ae) + dpi(a/W, H/W, ng, 0py) (24)
[;Cj = Acej(ae) + Zﬁcpj(a/w, H/W, ng, 0.o) (25)
where J .(ae), d;j' and A__. are the elastic part of J-integral, crack

e e
opening aisplacement, and iogd—point displacement and computed based on
::ué%n_gg?le yielding theory. Jpj’ d}j, and Acpj were estimated from

For the purpose of verifying the results calculated from fully plastic

nolutions, the same mesh is used to calculate the fracture mechanics
parameters with the elastic-plastic finite element method, then the
solution computed by elastic-plastic finite element method is compared
with the one from estimation procedure, Eq.(23), as shown in Fig.5 The

error between them is within 6 percent.

CONCLUTIONS

According to the calculation and discussion previous mentioned, it is
proved that the fully plastic solutions of weldment are available, and
reliable by using the fully plastic finite element method for plane stress
problem. For the weldments with mechanical heterogeneity, it can be
assumed that there exist an equivalent yielding stress and equivalent
#train hardening exponent in the vicinity of crack tip to keep the forms

of fully plastic fracture mechanics parameters of weldment with mechanical

Table 3 The Fully Plastic Solutions of Fracture

Mechanics Parameters of Weldment

P/Po 1.87 2.08 2.29
% 6.532 10.782 15.129
Jpj/u
* % 6.143 10.181 16.078
¥ 0.1251 0.1832 0.2521
dps/
— 0.1186 0.1769 0.2540
% 0.08415 0.1247 0.1858
Acpi/o
% % 0.08533 0.1273 0.1827
Note: H/c=0.38 "w/nB=l'33 O@o/ 0%0=0.8
* Computations % % Estimations
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heterogeneity 1like those of homogeneous materials suggested by the EPRI
approach. The width of weld metal, the yielding stress and strain
hardening exponent of base metal will affect on the equivalent yielding
stress and equivalent strain hardening exponent near the crack tip located
in weld metal.

ACKNOWLEDGMENT

The authors greatly acknowledge the -support from the National Nuclear
Safety Bureau of China.

REFERENCES

Dowling A.R. and C.H.A. Townley (1975). The effect of defects on
structural failure: A Two-criteria Approach. Int. J. Press. & Piping
Vol.3, 77-107

Hutchinson J.W.(1968). Sirgular behavior at end of tension crack in
hardening material. J. Mech. Phys. Solids, Vol.16, 13-31

Hutchinson J.W., and P.C.Paris (1979). Stability analysis of J-controlled
crack growth'", ASTM STP668, 37-46

Henshell R.D., and K.G.Shaw (1975). Crack tip finite element are unnesses-
sary. Int. J. Numer. Methods Vol.9, 495-500

Kumar V., M.D.German, and C.F.Shih (1981). An engineering approach for
elastic-plastic fracture analysis. EPRI Topical Report NP-1931,Electric
Power Research Institute, Palo Alto, Calif.

Ma V.D., and X.T.Tian (1986¢). The J-integral of weldment with mechanical
heterogeneity. Trans. of the China Welding Institution, Vol.7, 23-39

Rice J.R., G.F.Rosengren (1968). Plane strain deformation near crack tip
in power-law hardening material. J. Mech. Phys. Solids, Vol.16, 1-12

Shih C.F., H.G.Deloreng, and W.R.Andrews (1979). Studies on crack initia-
tion and stable crack grovth. ASTM STP668, 65-120

Shih C.F., and A.Needlemen (1984). Fully plastic crack problems",
J. Applied Mech., Vol.51, 48-56

540


User
Rettangolo




