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Effect of Strength Mismatch on Fully Plastic Fields
in Dissimilar Joints under Combined Loading

Hyungyil Lee* and Yun-Jae Kim**
(Received July 26, 1997)

Via detailed finite element limit analyses, plastic limit loads, rotation factors, and crack-tip
stress field are investigated for a combined tension and bending of a plane strain single-edge
-cracked bimaterial specimen. Limiting bimaterial specimens are considered, consisting of an
elastic/perfectly plastic material bonded to an elastic material having the same elastic properties.
The limit toads of bimaterial specimens are shown to be very close to those of homogeneous
specimens, so that limit load information for homogeneous specimens can be used even for
bimaterial specimens. A tractable, approximate elliptical yield locus is proposed, which fits the
FE results within 1%, for all ranges of tension-to-bending ratios. The plastic rotation factor of
birnaterial specimens can be higher than that of homogeneous specimens as much as 25%, when
the specimen is subject to small tensile forces. Results from the present analysis is applied to the
analysis of typical fracture testing specimens such as compact tension specimens. For both
homogeneous and bimaterial specimens, larger tensile forces are associated with substantial loss
of crack-tip constraint. Bimaterial specimens have as much as 2 times higher constraint than
homogeneous specimens, due to plastic strength mismatch. Tractable closed form approxima-
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tions for crack-tip stresses are proposed in terms of tension-to-bending ratio.
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1. Introduction

Defects in typical complex structures, if exist,
are essentially subject to combined loadings (such
as tension, bending and in-plane/out-of-plane
shear loading). Therefore, assessment for struc-
tural integrity of such structures requires analyses
of typical cracked-specimens under combined
loadings. Among combinations of those loadings,
the most interesting one would be combined ten-
sion and bending. One application would be
fracture analyses of compact tension (CT) and
pin-loaded (SEC) speci-
mens. The cracks in such specimens are subject to

single-edge~cracked

combined tension and bending, and the tension-
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to-bending ratio depends on the relative crack
depth to the specimen width. Another important
structural application is the Line-Spring Model
(LSM), proposed by Rice and Levy (1972) as a
simplified but powerful tool for analyzing surface
cracks in plates and shell-type geometries. The
LSM requires analyses of SEC specimens under
combined tension and bending in two limiting
deformation conditions : analyses in the linear
elastic regime and in the full yielding regime
(White er al., 1983). For homogeneous speci-
mens, Lee and Parks (1993), and Kim (1993)
provided a framework to determine fully plastic
fields for such specimens with sufficiently deep
cracks, based on perfect plasticity.

However, many structural components
produced by welding and/or bonding, and thus
interface between two different materials is inher-

are

ent for such components. Since the interface
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would be probably the most vulnerable spot for
fracture in such components, mechanical perfor-
mance would be limited due to interfacial frac-
ture. To assess fracture of such components,
knowledge of plastic limit loads and plastic rota-
tion factors is essential. from which crack driving
forces such as the J-integral and the crack-tip
opening displacement can be estimated. For
homogeneous specimens. these information can
be easily obtained from handbooks. However, for
bimaterial specimens, such information is not yet
provided. More important information for assess-
ing fracture 1s crack-tip stresses on which fracture
strongly depends. Compared with the level of
understanding of crack-tip stresses for homogene-
ous specimens, little is known for bimaterial
specimens.

We, therefore, perform fully plastic analyses for
combined tension and bending of the plane strain
single-edge-cracked bimaterial specimen with
sufficiently deep cracks, via detailed finite element
(FE) limit analyses. We first estimate the vari-
ables related to fully plastic deformations, such as
limit loads (yield locus) and plastic rotation
factors. Such deformation-related variables can
provide some useful information on crack driving
forces such as evaluation of the J-integral and the
crack-tip opening displacement.

On the other hand, it is well known that frac-
ture process and thus fracture toughness depends
on crack-tip strains and more importantly crack-
tip stresses (McClintock, 1968 ; Rice and Tracy,
1969). In recent years, there appear more evi-
dences that the crack-tip stress (constraint) sig-
nificantly affects fracture toughness (Hancock,
1992 ; Du and Hancock, 1991 ; Parks, 1992 ; O’
Dowd and Shih, 1991 ; 1992). Thus, to assess
fracture, information on crack-tip stresses is
essential. In the latter part of this paper, we
Unlike
deformation-related variables, crack-tip stresses

investigate the crack-tip stress fields.

strongly depends on the net-section tension-to-
bending ratio, as will be shown in this paper. It
will be shown that larger tensile force is associat-
ed with significant loss of crack-tip constraints.
Moreover, being compared with homogeneous
specimens, bimaterial specimens are associated

with higher crack-tip constraints. The reason for
higher crack-tip constraints in bimaterial speci-
mens is fully discussed in this paper. Finally, a
tractable closed-form approximation of crack-tip
stresses 1s presented in terms of the net-section
tension-t0-bending ratio.

2. Finite Element Model for Limit
Analyses

Consider combined tension and bending of a
plane strain single-edge-cracked (SEC) bimater-
ial specimen with a sharp and deep interfacial
crack lying between two different materials (Fig.
1(a)). For clarity, assume that two materials have
the same elastic properties, but different plastic
properties. Such case is typical for one class of
important problems, namely, many welded ferritic
or austenitic steels. For simplicity, consider a
limiting case of the bimaterial specimen consist-
ing of an elastic/perfectly plastic material bonded
to an elastic material (Fig. 1(b)). Such case can
be compared with another limiting case of homo-
geneous specimen consisting of an elastic/perfect-
ly plastic material. The elastic/perfectly plastic
material has a yteld strength of g, which can be
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Fig. 1 (a) Plane strain single-edge-cracked (SEC)
bimaterial specimen under combined tension
and bending. (b) Material model considered

in this paper.
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related to the yield strength in shear by f,=¢,/
V3. As shown in Fig. 1(a). the loads and defor
matiens, N,. M,. u». and §,. are based on the net-
section of the specimen. For compact notation
throughout the text, the loading variables such as
N, and M,. are normalized with respect to the
limit loads for the uncracked specimen using f,
and the remaining ligament of the specimen, 4 :

Nu=No/ Qlob) © My= M,/ (05k.0%) (1)
Defire a net-section loading ratio gz, as

I [717\/'71 o 4 1\?71 B
DT I S 2)
"TbONgt My AN+ M,

which measures the remotely applied tension-to-
bending ratio. The value of 7, varies from 0 for
pure bending (N, =0). to | for pure tension (if,
=0). In the literature (Lee and Parks, 1993 ; Liu
and Drugan, 1993). one can find another parame-
ter for the bending-to-tension ratio, su,==M,/
(bN,). which ranges from O for pure tension to oo
for pure bending. The proposed 7, is related to 4,
as z,=1/(1+411,). The parameter p, facilitates
simple closed-form approximations for crack-tip
parameters.

We performed limit analyses of the finite ele-
ment (FE) model. A small strain continuum 2-
dimensional FE model was employed. To avoid
problems associated with incompressibility,
reduced integration 8-node 2-D elements (ele-
ment type CPESR from the ABAQUS library,
1995) were used. The crack-tip is surrounded
circumferentially by twelve fans of element in the
first quadrant, and by six fans of elements in the
second quadrant. There are 918 plane strain
reduced integration 8-node elements, and 2899
nodes. The radial extent of the first crack-tip
element is about 0.5x 107% of the specimen-liga-
ment . A similar FE mesh can be found in the
work of Lee and Parks (1993). Combined dis-
placement and rotation boundary conditions
were imposed on the top edge of this FE model,
whereas fixed boundary conditions on the bottom
edge. The magnitude of the applied deformation
is made large enough to bring the specimen to its
limiting load state, which can be determined from
the reaction force and reaction moment corre-
spording to the combined displacement and rota-

tion boundary conditions imposed on the top
edge of SEC specimen FE model. Results are
obtained for only one crack depth of 4/ W =0.5.
For all tension-to-bending ratios, FE results
showed that this crack depth is sufficiently deep
enough. so that deformations are confined only 1o
the uncracked ligament.

3. Yield Locus

3.1 Homogeneous specimens

Limit loads from finite element (FE) limit
analyses are shown in Fig. 2 with open circles.
For the bending-dominant regime (0< N, < =0.
551y, the (yield

obtained from modified Green and Hundy slip
line fields (Green and Hundy, 1956 : Shiratori
and Dodd, 1980 ; Shiratori and Miyoshi, 1980) :

limit loads locus) can be

O=M,+0.739N;—0.52IN,—1.261=0 (3

For the tension-dominant regime (0.551<N, <
)., Kim et al. (1996) proposed the elliptical
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Fig. 2 Yield locus in the generalized net-section
force space for deeply-cracked SEC speci-
mens under combined tension and bending :
homogeneous and bimaterial specimens,
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yield locus in the form of
=AMy~ B)*+ Ci(N,—D)*=1=0 (4)

Four unknown coefficients A,, 13,, C, and D), are
determined such that the ellipse smoothly matches
the yield loci of the adjacent SLF solutions (from
(3)) at the respective end points :

M,ZZO at j@’n:]
aNn/aMn:() at 1’\77;21
M,=1.323 at N,=0.551

N/ oM,= —1/0.294 at N,=0.551
The resulting ellipse is
@ =0.564 12 +3.926(N,—0.495)2— 1 =0 (5)

Approximate ellipses (3) and (5) are compared
with the FE results in Fig. 2. It shows that they

agree remarkably well with the FE results, within
1%.

3.2 Bimaterial specimens

Limit loads from finite element (FE) limit
analyses for bimaterial specimens consisting of an
elastic/perfectly plastic material bonded to an
elastic material are shown in Fig. 2 with closed
circles. At the first glance, it can be seen that the
limit loads of bimaterial specimens are almost
same as those of homogeneous specimens, in the
tension-dominant regime (0.551< N,<1). Thus,
in the tension-dominant regime (0.551<N,<1).
the same approximate elliptical yield locus can be
used for both homogeneous and bimaterial speci-
mens :

@ =0.564 M2 +3.926 (N, —-0.495)2—1=0 (6)

However, for the bending-dominant regime (0<
N,<0.551), the limit loads of bimaterial speci-
mens are slightly higher than those of homogene-
ous specimens. For that regime, we propose an
elliptical yield locus in the following form :

O = AMi+ Bo(Ny— Co)*— 1 =0 (7)

Three unknown coefficients, A,, B, and (,, are
determined such that the ellipse smoothly matches
the yield locus of the tension-dominant regime
(6) at the one end point (N,=0.551), and
matches the FE result at the other end point (N,
=0) :

M,=1.370 at  N,=0
M,=1323 at N,=0.551

AN,/ oM, = —1/0.294 at N,=0.551
The resulting ellipse is
@ =0.52612+0.524(N,—0.161)2—1 (8)

Note that the proposed elliptical yield loci. (6)
and (8), automatically satisfy the convexity con-
dition for the yield surface. Approximate ellipses
(6) and (8) agree remarkably well with the FE
results, within 1%, as shown in Fig. 2.

One interesting point is that the limit loads of
bimaterial specimens are very close to those of
homogeneous specimens. The difference is only in
bending-dominant regime, but it is still within
5%. In most of bending-dominant regime, the
difference is negligible. Since we considered an
extreme bimaterial combination (elastic-plastic/
elastic), one can conclude that the limit loads of
general bimaterial specimens (consisting of two
elastic-plastic materials) would be even closer to
those of homogeneous specimens. Therefore,
using limit loads for homogeneous specimens for
bimaterial specimens would not give serious
errors.

4. Plastic Crack-Tip Opening
Displacement

[t is a common practice that the crack-tip
(CTOD or §,) 1is
decomposed operationally into its linear-elastic

opening displacement

and plastic parts © §, =8+ 8. The magnitude
of §{¢ for both homogeneous and bimaterial
specimens can be obtained easily from hand-
books. However. in most of practical cases where
gross plasticity prevails, the magnitude of §
will dominate that of §{¥, which is focused in this
paper.

4.1 Plastic CTOD

To fix the idea, we have to introduce the refer-
ence point for measuring displacement and rota-
tion. For convenience. define the plastic displace-
ment and rotation at the mid-specimen, z‘*’ and
g7 (Fig. 1(a)),
displacement and rotation. The displacement and

as the reference load-point
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rotation at the other point in the specimen can be
obtained from kinematics of rigid body rotations.
For instance, the displacement and rotation at the
mid-net-section. 2}’ and @ (Fig. 1(a)). are
related to 4 and 9% as

a . )
Z17(31)): Zl(p)"'j' 0({1) : 07(11)):: 6)([1) (9)

For SEN specimens with a sufficiently deep crack
(for both homogeneous and bimaterial speci-
mens), there exists a simple relationship between
the plastic component of the CTOD increment,
A6, and the plastic load-point displacement
and rolation increments, Ay and gg¥

48§p>:4]u“”+<~?/ -~ (1>:A¢9“’> (10)

However, note that, for shallow cracks, the rela-
tion (10) does not hold due to shoulder deforma-
tion, as investigated by Lee and Parks (1993) for
homogeneous specimens. Since the FE model in
the present a/W=0.5,
(10) gives 48P ==Au™. Figure 3 confirms the
above relationship, showing comparisons of 4§{*
from the FE limit analyses with the prediction
(10). From the FE model, 87 was measured as
0.5, the crack-

investigation assumed

tip of the continuum FE models comprises 37
independent but initially coincident nodes, giving
a 1/ -strain singularity. The first node belonged

2 LA R LR B S B R T T
relation (10)
. ©  FE limit analysis
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Fig. 3 Plastic crack-tip opening displacement incre-
ment. A48, as a function of load-point
displacement and rotation, for SEC speci-
mens under combined tension and bending,

to the interface. The incremental distance under
full plasticity in the y-direction from the last
(37th) node from the first node was regarded as
A8, Figure 3 shows that, for all ranges of
tension-to-bending ratios. the prediction (10)
differ from the FE results by less than 1%

Equation (10) can be useful when one knows
or measures the displacement and rotation. How-
ever, in general, it is easier to measure the force
and moment. When the force and moment are
known. the corresponding ratio of displacement
o rotation can be determined from the yield locus
proposed in the previous section, via the normal-
ity rule.

4.2 Plastic rotation factor ;,

The plastic crack mouth opening displacement
(CMOD) increment, 454, is related to 48 by
the following equation

Apipr== el 0n P (11)

where », is the plastic rotation factor. Thus, if 5,
is known. 8¢ can be determined by measuring
5P Recasting (11) gives
o o add”
2T h (A3 — 431P)
The values of 454 were measured in a similar
manner to those of 5.
For homogeneous specimens, Lee and Parks

(12)

(1993) provided y, for a wide range of the crack
depth 4/ W. Among their results, the results for
deep cracks {(g/ W ==0.5) are shown in Fig. 4, in
terms of the net-section loading ratio 7, defined
in (2). In the limiting case of pure tension (y,=
1), d8# =485 and thus »,-— oc. Thus, for
clear presentation, Fig. 4 presents the values of 1/
rp instead of the values of y,. Figure 4 also
includes the FE results of bimaterial specimens.
For the tension-dominant regime (0.63< 5,<1),
the values of y, of bimaterial specimens are simi-
lar to those of homogeneous specimens. For the
bending-dominant regime, the values of 3, of
bimaterial specimens are higher than those of
homogeneous specimens. The difference is as
much as 25% at pure bending (7,=:0), where the
values for homogeneous and bimaterial specimens
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Fig. 4 Plastic rotation factor ;-, for SEC specimens,
as a function ol net-section tension-to bend-
ing ratios 7, : homogeneous and bimalterial

specimens.

are 5, =0.370 and ;-,-=0.439, respectively. There-
fore. if one estimates the CTOD from the mea-
sured CMOD together with 5, from homogeneous
specimens. (s)he will obtain either similar or
lower CTOD values for bimaterial specimens.
depending on the loading ratio.

Up to now, results arc obtained for the SEC
specimens under combined tension and bending.
Such results can be immediately applied to one of
popular Iracture testing specimens. a compact
tension (CT) specimen.

5. Compact Tension Bi-Material
Specimens

Consider a compact tension (CT) homogene-
ous (bimaterial) specimen consisting of an elas-
tic/perfectly plastic material bonded to an elastic
material as shown in Fig. 5. The crack -tip in such
specimen i$ subject to combined tension and
bending. depending on the crack depth. From
Fig. 5. static equilibrium gives the net-section
force and moment in terms of the load line force
F°oas

No=P i My (a0 D) (13)

Thus, the net-section loading ratio 7, defined in
(2) has the form of

P

Fig. 5 Planc strain compact tension (CT) bimater-
ial specimen.
L i T
I Homogeneous
< e ———— Bimatenal
A
g:,‘ ] o FE results ]
E [ bimaterial 1
= 04F
o
k<] b ]
E :
- 12 -
]
valid region 1
0.0 L : i
(i1 0.2 (.4 [IX{3 0.8 i.0
/W
Fig. 6 Variations of plastic limit load P with the

crack depth /1, for CT specimens : homo-
geneous and bimaterial specimens.

2 ( l_ - (1// ”7)

/P ('3'_'_ (// 1) ( 14)

When /W >0 and 1,
tively. Since the bending dominant regime covers

7, — 0.67 and 0. respec-

07, <0.63 as noted in the previous scction. the
whole range of ¢/ 137 corresponds to the bending-
dominant regime.

Figure 6 shows variations of the limit loads
7217 with

bimaterial CT specimens. For homogeneous CT

«/ W. for both homogeneous and

specimens, the results are obtained from the
modified Green and Hundy solutions (Green and
Hundy. 1956 : Shiratori and Dodd, 1980 : Shir-
atori and Miyoshi. 1980). On the other hand. for
bimaterial CT specimens, the yield locus (8)
together with static constraint (13) are used to
evaluate /27 It is shown in Fig. 6 that both
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Fig. 7 Vuriations ol plastic rotation factor -, with
the crack depth /1. for CT specimens

homogeneous and bimaterial specimens.

curves almost coincide. Therefore, the equation
of limit loads for homogeneous CT specimens,
(13), can be also used for bimaterial specimens.
Note that Wu e al (1990) argued thut, when the
crack length /1 decreases 10 ¢/ 11 <0022 for
homogeneous specimens, the front surface will
affect deformation tields. in a simalar fashion to
the deformation in shallow-cracked bending spec-
imens. It is likely that the same restriction is
applied to CT bimaterial specimens, and that the
present analysis can be applied only when 47117
>0.22. Such limiting value of /117 is shown in
Fig. 6.

Figure 7 shows the variation of the plastic
rotatton factor 7, on o/ {7 for homogeneous and
bimaterial specimens. The values of bimuterial
specimens are higher than those of homogeneous
specimen for all ranges ot «/W. The ditference
increases with /117, and can be as much as 25%
at ¢/ W =1 Therelore. if one estimates the CTOD
from the measured CMOD together with -, from
homogeneous CT specimens. {syhe will obtain

lower CTOD values tor bimaterial CT specimens.
6. Crack-Tip Stress Fields

Before we procced. two points are worth not-
ing. The first one is that, in the context of perlect
plasticity, the crack-tip stresses taken from the FL

results are not so sensitive 1o the location -, as

—
S

A3

i ih)

Fig. 8 Basic elements for asymptotic crack-tip slip
line fields @ (a) constant stress (C. S)) sec-

tor, and (h) deforming centered tan sector.

long as ;- is sufficiently smaller than the ligament
h. In this paper. the crack -tip stresses presented in
the subsequent sections are measured at y==0.1 x
10°2h. The second point is that. tor perfectly
plastic materials. crack tip stress fields can be
most vividly visualized by slip hne fields com-
posed by three basic fields @ a centered fan, con-
stant stress sector and elastic sector. The stresses
in ¢ach sector can be obtained {rom slip line lield
theory.

FFor instance, in the centered fan (Fig. 8(a)).
yielding occurs due to the shear stress of |5 = £
where /- denotes the yield shear sirength of the
plastic material. and the hydrostatic stress g,
varies  linearly with the angular orientation.
according to the Hencky equation. (g, = - 2kd0.
Moreover. the values of the hoop stress ¢, and

the radial stress g,, are the same as that of g, :

O ==l L G U =y () 5 0 ()
derm (O) = =2kl (1

LN

)

In the constant stress (C. S.) sector {(Fig. 8(b)),
the stresses 10 the cartesian coordinates are con-

stant

Gy = Oxy | =gy 4 f=constant

o] <0 (16)
Or. in the polar coordinates,

Owr = LCOS2LY 4 0,) + (2

G = RCOSZL 4 ) + C

Tro = FSIN2CO A (o) 0 o= C (17
where the constants, ¢, and (. should be deter-
mined {rom the boundary conditions. Note that
the hydrostatic stress g,, can increase only in the
fan sector. according (o the Hencky equation.
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Therefore, the magnitude of g, (thus crack-tip
constraint) depends on the angular size of the fan
(8, in Fig. 8(b)). Larger g, is associated with
higher g,, at the crack-tip and thus higher con-
straint.

In the following section, the crack-tip fields
obtained from the FE limit analyses will be sche-
matically presented in terms of slip line fields.

6.1 Homogeneous specimens
Angular variations for crack-tip stresses

Figure 9(a) and (b) show angular variations of
(a) the hydrostatic stress g, and (b) the hoop
stress gy, for homogeneous specimens, for various

3.0 T

LI S R

(a)

Lo o0 o 1 3y

2.0

<
©O
-
=
6 |
1.0
decreasing 1,
T]nTO.93,U.9],0,7?,0,6?,0.58,0.0
00 Lt P T I TR T TN S T T P 1
0 15 30 45 60 75 90
3‘0“'|--|-'|"1"‘l'
(b) ]
decreasing 1, T
201
[=] L
L
L=
o= L
© 1.0+
0.0_ e

0 15 30 45 60 75 90
0 (deg)

Fig. 9 Angular variations of (a) the hydrostatic
stress g, and (b) the hoop stress g, for
homogeneous SEN specimens under com-
bined tension and bending. See Eq (2) for
the definition of z,.

tension-to-bending ratios. Note that »,=0 and 1
corresponds to “pure bending” and “pure ten-
sion”, respectively. Results in Fig. 9 shows that.
for all ranges of the net-section tension-to-bend-
ing ratios, the value of g, is constant from ¢ =0
to §=45° but decreases linearly with 7 at §>45
°. In terms of slip line fields, it can be described
that the constant stress sector resides from §=45
°to (=0 (where g,, remains constant) and the
centered fan field (where g,, varies according to
the Hencky equation) extends angularly from §=
45° to the angular position where yield conditions
are violated. The elastic sector then connects the
crack flank to the fan. Such asymptotic near-tip
stip line field is depicted in Fig. 9(b), and will be
termed here as a “partial Prandtl field”.

Note that, about three decades ago, Green and
Hundy (1956), and Ewing (1968) have already
imposed such hypothesis. and recently Lee and
Parks (1993) also observed such field in their FE
analyses. Results in Fig. 9 also shows that, up to
the certain tension-to-bending, angular varia-
tions of ¢, are negligible. Interpreting in terms of
slip line fields. the angular size of the elastic
sector in Fig. 10, and thus the size of the fan (4,),
remains constant. However, larger tensile forces
moves the curve downward quickly, indicating
appreciable loss of crack-tip constraints. It means
that the size of the elastic sector increases quickly,
and thus the fan size decreases. Such tendency
will be quantitatively characterized in the next
section.

One more notable point is that stress distribu-
tion in the constant stress sector gives zero shear
stress along the cracked line, g,=0 at §=0,
corresponding to the Mode | loading condition.

crack

Fig. 10 Asymptotic crack-tip slip line field for

homogeneous specimens Prandtl

field).

(partial
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Approximation
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Fig. 11 Variation of the hydrostatic stress and the
tensile stress divectly ahead of the crack-tip,
(m) oo and (Ggy) oo I terms of the net

-section loading ratio 7,.

However, for bimaterial specimens, ¢,, at #=0
(interface) is no longer zero. which will be ex-
plained later. It will provide the key to explain
the cifference of crack-tip stresses between homo-
geneous and bimaterial specimens.

Stresses directly ahead of the crack-tip

Figure 11 shows the variation of the hydros-
tatic stress and the tensile stress directly ahead of
the crack-tip, (o) p=0 a0d (gy) gy, i terms of
the net-section loading ratio 7, (defined in (2)).
Results in Fig. 11 suggest the simple closed form
approximations of (g,) g0 and (ou) 4-0 as fol-
lows :

For the bending-dominant regime (0< »,<0.63).

(C“m (7}27) /(50) 0:0:232»
(G0 (Nn) /(fo) o=0={Om{7n) /Ou) g=01 ]/\"@:290
(18)

Note that the values of (gn) -0 and (Gg) p-u
remain constant in this regime. On the other hand,
for the tension-dominant regime (0.63 <5, <1),

(Cinz(ﬁrl) //ﬂo) 6=0" " 4.32 /eI 5.04

(on () /00) o=0= (Om(94) / G0) =0t l/v/}
=—4.32p,+5.62 (19

The values of (g,)s0 and (o) s-0 decreases
linearly with 7,, and converges to the values for

pure tension, (g,)s-0==0.73 and (ga) s=o=1.30.

Therefore, a variety of crack-tip constraints can
be obtained by changing the net-section tension-
to-bending ratio of the SEN specimen.

A crack in the compact tension (CT) specimen
is subject to combined bhending and tension,
depending on the crack depth /1. However, as
shown it Sec. 5. all range of the crack depth o/ W
corresponds 1o the bending-dominant regime.
The present study verifies the common knowledge
that, for the CT specimen, the crack-tip con-
straint is almost constant, regardiess of 4/ 1.

6.2 Bimaterial specimens
Angular variations for crack-tip stresses

Figures 12(a) and (b) shows the FE results of
angular variations of (a) the hydrostatic stress g,
and (b) the hoop stress g, for bimaterial speci-
mens, for selected tension-to-bending ratios. One
notable point is that the value of ¢, varies linear-
ly with g. even at 0< 9<45°. Note that, for
homogeneous specimens, it was constant, as
shown in Fig. 9(a). Interpreting in terms of the
slip line field, the deforming fan field extends up
to the interface, as schematically depicted in Fig.
13. Thus, at the interface (¢=0), the magnitude
of the shear stress is its maximum possible value
of k,. (6.4 e0=ke. Compared with those of
homogeneous specimens. bimaterial specimens
have larger fan size. As noted, larger angular size
of the fun is associated with higher stress triax-
iality (crack-tip constraint). Thus. for all rang of
the net-section tension-to-bending ratios,
bimaterials specimens are subject to higher crack
-tip constraints than homogenecus specimens.
Such higher constraint for bimaterial specimens
has been studied by Kim and Lee (1996}, in the
context of small scale yielding. They found that
the plastic strength mismatch (defined as the ratio
of the vield strengths of two materials) strongly
affects the crack-tip constraint. Starting from
homogeneous material (no strength mismatch),
the crack-tip constraints first increases, as
strength mismatch increases, and then remains
constant. The present bimaterial combination
corresponds to the extreme strength mismatching
(since one material is elastic).

Another notable point is that the dependence of



562 Hyungyil Lee and Yun-Jae Kim

LA B B B AN Rt BN Su e S B e e

10=0.99,0.90,0.76,0.67,0.56,0.0-

decreasing 1,

pag Ly las

Om/Cq

T T T

decreasing T,

L o et
1oy aa b sy

sl

Coa/Co
o

(b)

=
LI e e

B ST BT B L4

15 30 45 60 75 90
0 (deg)

Fig. 12 Angular variations of (a) the hydrostatic
stress g, and (b) the hoop stress g, for
bimaterial SEN specimens under combined
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Fig. 13  Asymptotic crack-tip slip line field for
bimaterial specimens (deforming fan field).

(Om) o=0 and (Gog) g=o ON 7, for bimaterial speci-
mens is very similar to that for homogeneous
specimens.

Crack-tip stresses at the interface

Figures 14(a) and (b) show the FE results of
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Fig. 14
tensile stress directly ahead of the crack-tip.
() (0n) -0 and (b) (ggg) 4o, in terms of the
net-section loading ratio z,.

the hydrostatic stress and the tensile stress at the
interface. (g,) =0 and (Guy) g=¢. i0 terms of z,. For
comparisons, Figs. 14(a) and (b) also include the
approximations for homogeneous specimens,
defined in (18) and (19). As explained qualita-
tively in the previous section, bimaterials speci-
mens are subject to higher crack-tip constraints
than homogeneous specimens, for all range of the
net-section tension-to-bending ratios. In the
bending-dominant regime, the hydrostatic stress
is about 40% higher.

Since the dependence of (¢,) yoo and (Gas) s—o
on 7, for bimaterial specimens is very similar to
that for homogeneous specimen, we propose the
closed form

following approximations for
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bimaterial specimens.
For the bending-dominant regime (0<,<0.63),

((Fm (7,’11) // Oo) 90— (O'ue ( 7771) // Oo) o=0 "= 3.20 (20)

For the tension-dominant regime (0.63<7,<1),

(o 7,’n) /()'o) =0 (0'011(7/;1) /Go) 9=0
~4.607,+6.10 @n

7. Concluding Remarks

Via detailed finite element (FE) limit analyses,
plastic 'imit loads, plastic rotation factors and
crack-~tip stresses are investigated for combined
tension and bending of plane strain single-edge
-cracked bimaterial specimens. A limiting case
bimaterial specimens is considered, consisting of
an elast:c/perfectly plastic material bonded to an
elastic material having the same elastic properties.
Results are compared with those for homogene-
ous specimens consisting of an elastic/perfectly
plastic material.

The limit loads of bimaterial specimens are
very close to those of homogeneous specimens, so
that limit load information for homogeneous
specimens can be used even for bimaterial speci-
mens. A tractable. approximate elliptical yield
locus is proposed, which fits the FE results within
1%. for all ranges of tension-to-bending ratios.
The plastic rotation factor #, for bimaterial spect-
mens can be higher than that for homogeneous
specimens as much as 25%, when the specimen is
subject to small tensile forces. Results from the
present analysis is applied to analysis of typical
fracture testing specimens, compact tension (CT)
specimens.

For both homogeneous and bimaterial speci-
mens, larger tensile forces are associated with
substantial loss of crack-tip constraint. However,
for smaller tensile forces, the crack-tip constraint
remains almost constant. Bimaterial specimens
have as much as 2 times higher constraint than
homogeneous specimens, due to plastic strength
mismatch. Tractable closed form approximations
for crack-tip stresses are proposed in terms of
bending-to-tension ratio, for both homogeneous
and bimaterial specimens.

Up to now, enormous results are published and

much understandings have been achieved for
homogeneous materials. Such results and under-
standings provide better assessment procedures
for structural components. However. many struc-
tural components are produced by welding or
bonding of similar or dissimilar materials, and
since fracture of such components is likely to
occur in welded areas, existing results for homo-
geneous materials cannot be applied to such
welded components. Therefore, results in the
present study are very useful to assess fracture
toughness of such components. In general, how-
ever. structural components have flaws in the
form of surface cracks. For homogeneous mate-
rials. the Line-Spring Model (LSM) has been
proven to be an efficient and powerful tool to
analyze surface cracks in plate/shell-like struc-
tural components (Hauf et al., 1995 ; Kim, 1993 ;
Lee and Parks, 1995). Following the idea explor-
ed for homogeneous materials, the present results
need to be extended to apply the LSM to welded
(bonded) components.
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