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Abstract

The present paper considers the constraint effect on JJ-R curves under the two-parameter J-A;
controlled crack growth within a certain amount of crack extension. Since the parameter A, in oJ-
Ay three-term solution is independent of applied loading under fully plasticity or large-scale defor-
mation, Az is a proper constraint parameter uring crack extension. Both J and Ay are used to char-
acterize the resistance curves of ductile crack growth using J/ as the loading level and A, as a con-
straint parameter. Approach of the constraint-corrected J-R curve is proposed, and a procedure of
transferring the J-R curves determined from standard ASTM procedure to non-standard speci-
mens or real cracked structures is outlined.

The test data (e.g. initiation toughness /;c and tearing modulus Tk) of Joyce and Link(Engineer-
ing Fracture Mechanics, 1997, 57(4) : 431-446) for single-edge notched bend [SENB| specimen
with from shallow to deep cracks is employed to demonstrate the efficiency of the present
approach. The variation of Jic and Tr with the constraint parameter A, is obtained and a con-
straint-corrected J-R curve is constructed for the test material of HY80 steel.. Comparisons show
that the predicted /-R curves can very well match with the experimental data for both deep and
shallow cracked specimens over a reasonably large amount of crack extension.

Finally, the present constraint-corrected J-R curve is used to predict the crack growth resistance
curves for different fracture specimens. The constraint effects of specimen types and specimen

sizes on the JJ-R curves can be easily obtained from the constrain-corrected J-R curves.
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1. Introduction

The fracture toughness Jj¢c and J-integral
resistance curves (J-R curves) have been wide-
ly used in the integrity assessment of engineer-
ing structures in the presence of crack ductile
tearing. The J-integral values are also used as
indexes of material toughness for alloy design,
materials processing, materials selection and
specification and quality assurance. Thus, the
initiation toughness J;¢c and J-R curves
obtained from laboratory must be accurate and
applicable into real cracked structures. The
strict size requirements are specified in frac-
ture test standards, such as ASTM fracture
test standards E1737-96 (1996)?, restrict cur-
rent fracture design and inspection methods to
the application of geometry-independent data.
The measurement of the fracture toughness Jj¢
and J-R curves usually used standard specimen
geometry with high crack-tip constraint, such as
the deeply cracked three-point bend [3PB] speci-
mens and compact tension [CT] specimens.
However, most of real cracked structures belong
to the group of low constraint crack geometry.
Therefore, the constraint effects of specimen
geometry and loading configuration on the J-R
curves must be considered so as to transfer the
J-R curves determined in laboratory to applica-
tion for real cracked structures.

The standard J-R curve consists of a plot of
J-integral versus crack extension in the region
of JJ-controlled growth and is size-independent,
as specified in ASTM fracture test standards
E1737-96 (1996). But for non-standard or low
constraint specimens, J-R curves could be size -
dependent due to the loss of J-control. General-
ly, fracture properties, such as fracture tough-
ness Ji¢c and the J-R curve, could be functions
of test specimen geometry, size, thickness and

loading configurations. In the passed years, a

large number of nonstandard fracture speci-
mens were measured to investigate the effect of
crack-tip constraints on these fracture proper-
ties of ductile growing cracks. For the ASTM 710
Grade A steel, Hancock et al. (1993)"" measured

‘the fracture toughness Jic and J-R curves for

the specimens of 3PB, CT, center cracked panel
[CCP] in tension and surface cracked panel
[SCP] in tension with different crack depths. For
A533B, HY-100 and HY-80 structure steels,
Joyce and Link (1995, 1997)"" presented the
experiment data of ductile crack extension for
the specimens of 3PB, CT, single edge-notched
bend [SENB] specimen, single edge-notched
tensile [SENT] specimen, double edge-cracked
plate [DECP] in tension with shallow to deep
cracks. Both groups used several types of speci-
mens in order to achieve different crack tip
constraint conditions. These investigators could
not find any significant constraint effect on
growth initiation, but they observed a larger
constraint effect on the slop of J-R curve after
some relatively large amount of growth. The
same results are observed from ductile crack
extension experiments by Marschall et al.
(1989)*, Eisele et al. (1992)" and Roos et al.
(1993)* for large-sized fracture specimens, and
by Elliot et al., 1991* ; Alexander, 1993", Yoon
et al., 1995 for very small or sub-sized frac-
ture specimens. Other similar experimental
results are also reported by Kordisch et al.
(1989)*, Kelmm et al. (1991)"", Roos et al.
(19\91)2‘“, Henry et al. (1996)*, Haynes and
Gangloff (1997)* and so on.

All experimental data has suggested that the
J-R curves vary with the level of constraints.
As shown in Fig. 1, the J-R curves for high con-
straint specimen geometry is lower than those
for low constraint specimen geometry. In other
words, the slope of J-R curves after crack initi-

ation decreases with increasing local constraint
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Fig. 1 Variation of J-R curves with the level of
crack-tip constraints

ahead of the crack tip. To simulate the experi-
mental results of ductile crack growth, two and
three dimensional finite element analyses
[FEA] were carried out (cf. Yuan and Brocks,
1989 ; Brocks et al., 1994% ; Xia et al., 1995" ;

Faleskog, 1995'” ; Henry et al., 1996 ; Shan
et al., 1996% ; Kikuchi, 1997 ; Yan and Mai,
1997%). FEA simulations for different fracture
specimens, such as CT, 3PB, SENB, SENT and
CCP, show that ductile crack growth is sensi-
tive to the crack-tip constraints, the mount of
J-controlled crack growth is different for differ-
ent specimens. At the stage of initiation, the
fracture toughness Jic increases somewhat
with the decreasing crack lengths or crack-tip
constraints, and weakly linearly related to con-
straint level.

During crack growth, the tearing resistance of
J-R curve increases with decreasing constraint
level, and has a linear relation with the con-
straint or triaxiality. Nevertheless, these FEA
simulations depend on the test data and crack
growth criterion during the entire crack growth,
and used different constraint parameters. A

simple approach to reproduce J-R curves and an

appropriate parameter to quantify the magni-
tude of constraints need to develop further.

The effect of constraints on crack-tip fields is
quite extensively studied and reported for a
stationary elastic-plastic crack with different
geometry and loading configurations. Most
recently, Chao and Zhu (1998)” reviewed the
research advances in more details. The three
main methods to quantify crack-tip constraints
are J-T approach proposed by Betegon and
Hancock (1991)®, J-@ approach proposed by O’
Dowd and Shih (1991, 1992)***, J-Aa approach
proposed by Yang et al. (1993)* and Chao et al.
(1994). The J-T approach has only limited use
in elastic-plastic fracture analysis because it is
based on the elasticity theory. The J-Q approach
is only good for small applied loads because the
parameter @ is distance-dependent under large
applied loads (Sharma et al., 1995*). However,
J-Ag approach is a rigorous three-term asymp-
totic solution. Ay is nearly independent of its
position near the crack tip (Nikishkov et al.,
1995") and is successfully used to quantify the
constraints of crack-tip fields for different geom-
etry and loading configurations (Chao et al.,
1994> ; Chao and Zhu, 1998 ; Zhu and Chao,
1999°). Accordingly, the J-A2 approach is a
preferable methodology and Az is a proper con-
straint parameter. For a ductile growing erack,
similar to the concept of J-controlled crack
growth, one can envision that under certain
amount of crack extension the J-Az description
can approximately characterize the effect of
crack-tip constraints on ductile crack growth
with J being the driving force and Az a con-
straint parameter. The amount of J-A2 con-
trolled crack growth is much larger than that
of the J-controlled crack growth since the zone
dominated by J-A2 at the crack tip is much
larger than that controlled by J alone (Chao
and Zhu, 1998").
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The purpose of this work is to extend the J-
A2 characterization of crack-tip fields to the
stable crack growth region using J as the load-
ing level and A2 as a constraint parameter. A
procedure of transferring the J-R curves deter-
mined from standard ASTM procedure to non-
standard specimen or flawed structures is out-
lined. Approach of a constraint-corrected J-R
curve is presented and a set of test data by Joyce
and Link (1997)" is employed to demonstrate
the present approach. Comparisons between
predicted and experimental J-R curves, and
applications of the constraint-corrected J-R

curves are given in this work.

2. Constraint correction of
crack-tip fields

Our attention is focused on mode-I cracks in
elastic-plastic materials under the plane strain
conditions. The material behavior is described
by Ramberg-Osgood power-law strain harden-
ing curve where the uniaxial strain, ¢ is related
to the uniaxial stress, o in simple tension by

§=7"0+ a1 )
where op is a yield stress, ep=0y/E is a yield
strain with E as Young' s modulus, « is a mate-
rial hardening constant and n is a strain hard-
ening exponent. By use of J» deformation theo-
ry of plasticity, the uniaxial stress-strain rela-
tion (1) can be generalized to multi-axial states
as follows
EPFRP R N S AL S R TR
£ o Oy 2 m Co
where v is the Poisson’ s ratio, §; is the Kro-
necker delta, S; is the deviatoric stress and
0. is the von Mises effective stress defined as
0=y35;8;/2

2.1 J-A; three-term asymptotic solution

Using the deformation plasticity theory (2)
and referring to the polar coordinates r and 0
centered at the crack tip with =0 correspond-

‘ing the uncracked ligament, Yang et al. (1993)*

and Chao et al. (1994)” developed a three-term
asymptotic crack-tip field with only two param-
eters J and A;. In which J-integral quantifies
the magnitude of applied loading and A
describes crack-tip constraints. The asymptotic
stress, strain and displacement fields can be

written as follows

L]

%OL Al[(—lr,_) &, (6, n)

L
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where the parameters A; and s; from the
HRR fields are given by

Y A S
<aa)ool,,L ) T ©®
and s3=2sy—s; for n>3. The angular func-
- ~ th) k) ~(R)
tions &; , & andi; , the stress power expo-
nents s; and the dimensionless integration con-
stant I, are only dependent of the hardening
exponent n and independent of the other mate-

rial constants (i.e. @, €, oy) and applied loads.

(491)



74 WER WSS, $23%8 F 4. 1999

For the plane strain mode-I cracks, the dimen-
sionless functions o, &, i, sk, and I, have
been calculated and tabulated by Chao and
Zhang (1997)®. L is a characteristic length
parameter which can be chosen as the crack
length a, the specimen width W, the thickness
B or unit 1 cm. Ay is an undetermined parame-
ter and may be related to the loading and
geometry of specimen. When A;=0, the three-
term asymptotic solutions (3)—(5) reduce to the
leading-term HRR field. In other words, the
first-order field of the three-term asymptotic
solution is the HRR singularity field.

Yang et al. (1993)™ showed that for moderate
to low hardening materials, i.e. n>3, the above
three-term asymptotic solutions are the fully
plastic or pure power-law solutions. Comparing
with finite element results, Chao et al. (1994)>,
Chao and Zhu (1998)” as well as Zhu and Chao
(1999 indicated that the three-term solution
can be used to characterize the stress and defor-
mation in a crack tip region well beyond
ri(J/gp)="5. Furthermore the J-Ay three-term
solution is universally valid in both small scale
yielding and large scale yielding, low constraint
and high constraint crack geometry, and low and
high strain hardening materials.

As pointed by Yang (1993)® and Chao et al.
(1994)", the constraint parameter A in the three-
term solutions (3)—(5) is a distance -independent
constant within 1<rJ/0y)<5 and independent
of applied J under fully plastic deformation.
Mathematically speaking, A2 only is the func-
tion of strain hardening exponent n and geome-
try dimension (a, W, /W), namely

Az | nlly plasic=An, geometry) (7N

Using finite element analysis, these authors
obtained the values of constraint parameter Ay
corresponding to different levels of applied oJ.
The values of Ay become a constant as the

applied load increases beyond about 1.2 limit
load for all specimens with different hardening
exponents. At the load level, J¢, corresponding
to crack initiation, it was showed that the values
of A; at are close to those under fully plastic con-
ditions. For a crack specimen under large-scale
yielding or near fully plastic deformation, the
value of A determined at J=¢/¢ can remain con-
stant for other applied loads J >dJ¢. Therefore, it
is specially appropriated to use A as a con-
straint parameter during J-A, controlling crack
growth.

2.2 Determination of the constraint
parametér A;

The constraint parameter As depends on
cracked specimen geometry, strain hardening
exponent and loading type for an arbitrary
crack problem. Aj is a free constant in asymp-
totic analysis and can be determined by far-
field solutions. Yang et al. (1993)* and Chao et
al. (1994)” determined Ay using a point match-
ing technique, i.e. the stress value from finite
element analysis at a point (r, ) is set equal to
the three term analytical solution (3) to yield the
Ay value. Specially, these authors used o, and
oge at r=2(J/0p), 8=0° or 45° to determine As.
Chao and Zhu (1998)" also used this approach
to détermine Az but r is chosen from J/op to
5(J/0p) such as :

5

A() ow'te,n)

+Ad5) a6, n)
: FEA
T e T
+A22(_Z_) 356, )] — =0 (8)
or equivalently
aA2*+-bAs+c=0 (9)

where
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N

a=(=) &'(8) (10a)
L
b=(-) sa(6) (10b)
L
e=() o'
J “ oggr(r, 6)
i o (10¢)

in (8)—(10), J/oy<r<5(J/oy) and 6=0° or 45°,
oss is the hoop stress from FEA calculations. Ay
can be simply determined by solving the above
two-order equation (8) or (9). Yang et al. (1993),
Chao and Zhu (1998)” have demonstrated that
the A, values determined from these different
positions are only somewhat different. More
accurate method to determine the distance-
independent Aj, one can use the least square
procedure, i.e. fitting the finite element data
with the analytical solutions, developed by Nik-
ishkov et al. (1995)*®. This technique showed
that A2 is almost independent of its location in
the interested region of 1<r/(J/0p)<5.

3. Constraint correction of resistance
curves of ductile crack growth

The three-term asymptotic solution (3)—(6)
with two-parameter o/ and As has been success-
fully used to quantify the effects of constraint
on the stationary crack-tip fields for different
geometry and loading configurations (Yang et
al., 1993 ; Chao, et al., 19945) ; Zhu and Chao,
1999*". For growing cracks, similar to the con-
cept of J-controlled crack growth, one can envi-
sion that under certain amount of crack exten-
sion the J-A2 description can approximately
characterize the effects of geometry constraint
on ductile crack growth with </ being the driving
force and Az the constraint parameter. The
amount of JJ-Aq controlled crack growth is much

larger than that of the J-controlled crack growth

since the zone dominated by J-Ay at the crack
tip is much larger than that controlled by J
alone (Chao and Zhu, 1998").

In this section we first present a general pro-
cedure of transferring the J-R curves deter-
mined from standard ASTM procedure to non-
standard specimen or flawed structures by J-A,
description. Then based on the test data (e.g.
initiation toughness JIC and tearing modulus
Tr) of Joyce and Link (1997)* for single-edge
notched bending [SENB] specimen with from
shallow cracks to deep cracks, a prediction of J-
R curve containing the constraint parameter A,
is presented.

3.1 Approach of constraint-corrected
J-R curves

Under conditions of crack-tip plane strain,
the fracture toughness is characterized by the
J-Integral as defined by the test standard in
ASTM E 1737-96. Based on the amount of
crack extension, three toughness properties are
identified as : (a) instability without significant
prior crack extension (J¢) ; (b) onset of stable
crack extension (Jc) ; (¢) stable crack growth
resistance curve (J-R) in the region of J-con-
trolled growth. The interest of this work is
focused on stable crack growth.

Since Jic is corresponding to the crack initia-
tion, the constraint parameter Az can be solved
by equation (8) using the three-term solution (3)
to match with finite element results at this load
level. For different constraint specimens (ASTM
standard or non-standard specimens, such as
CT, SENB, SENT, DECT, CCP) with same mate-
rial properties, once Jic is measured, the corre-
sponding A, can be obtained by equation (8) and
FEA results at the initiation load. ASTM stan-
dard E 1737-962) specifies that the initiation

Jie
-+ 0.
20n +0.2

toughness J;¢ is the J-integral Agy=
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(mm). As such, one can fit a curve between the
initiation toughness Jj;c and the constraint
parameter A, of various specimens as follows

Jic(Az)=dJ(Aag, Ag) | (11)

Jie
MQ=——=+0.20mm)
20,

where Aq.q is the crack extension at Jic, or is
the flow stress or effective yield stress.

As described in previous section, under large-
scale yielding or near fully plastic deformation
the constraint parameter A; determined at J=
Jic remain constant for J>dJs¢. If the crack
extension occurs within the range of the J-A,
controlled growth, the value of A, is approxi-
mately invariable for a specific specimen.
Based on the standard procedure of ASTM E
1737-96, the o versus crack growth behavior is
approximated by a best-fit power-law relation-
ship. After considering constraint effects on a
growing crack tip, a curve of J versus crack
extension Aag under J-A; controlled growth is

assumed in this paper as

C2A2)

J(4a, A2)=co(A2)+cl(A2)(AT") (12)

where k=1mm or 1 in. which depends on the
unit of Aa. The coefficients Co(Asz), C1(Aq), C;
(Ag) are unknown constants and dependent of
the constraint at crack tip for a specific materi-
al and specimen. It should be noted that Equa-
tion (12) considers the non-zero crack extension
resistance at the beginning of Aa=0. If one
knows the initial crack growing condition, e.g.
J(Aa, A2)=dJAs) as Aa=0, from the test data,
then from (12) one has

ColAz)=J(A2) (13)

Generally speaking, if three test points (J;,
Aag;) (i=1--3) on each experimental J-R curve
are given, the three coefficients in (12) can be

determined by

Ji(Aai, Az)=Cy(A2)
. C2AA2)

+Cl(A2)(A]:i) (i=1-3) (14)

ASTM standard E 1737-96 specifies that
J(Aa=10) as Aa=0, i.e. Jo(A3)=0, and the tearing

resistance, Tr= E2 g or the slop dJ/da of the
o} da

J-R curve need to be given at Aa=1mm.
Accordingly, from (13), Co=0. From (11) and
(12), one obtains the governing equation to
determine the unknown constants C; and Cy as

follows
C2AA2)
CrAN L 10.2)  =dictAs) - Jo(AD)
2kor
&C}AQ*!_ 2J(Aa, As)
CI(AQ)C2(A2)( % ) =T o s
(15)

For a specific Ag value, e.g. A from 0 to — 1.0,
to solve equations (14) or (15) gives the solu-
tions to constants C; and Cs, then we can fit
the correlated curves of Ci-As and C2-A2. Up to
now, the J-R curve (12) with the parameter A,
is constructed or determined completely. For
convenience, Equation (12) is referred to as
constraint-corrected J-R curves thereafter. For
non-standard specimens or real structures,
once the constraint parameter Ay is deter-
mined, the J-R curves of these geometries can
then be obtained from Equation (12).

As a summary, Figure 2 illustrates the proce-
dure to construct constraint-corrected J-R
curves based on ASTM fracture test standards :
J-R curves are determined experimentally based
on ASTM standard for different crack sizes or
specimen types, as shown in Fig. 2(a). The test
results can be typically chosen from several low
constraint to high constraint specimens (three
sets of data at least). Then at the initiation load
of Jic, FEA is performed to determine the con-

straint parameter As at the crack tip using
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J

Az
Jic{
Crack extension
(a)

dJi
da
(Jic)

Az

(b)

J

J=Co(A2)+C1(A2)(aQ)cxA»

Crack extension
(©)

Fig. 2 Analysis procedure of constraint-corrected
J-R curves
(a) Experimental J-R curves
(b) Correlation between the slope of J-R
curves or J;¢c and A;
(c) Predicted J-R curves with the parame-
ter A,

equation (8).

Through curve fitting, could be linearly, one
can determine the correlation between the con-
straint parameter A; and the initiation tough-
ness Jic, or the slope of J-R curves ddJi /da for a
specific crack extension Aa, as shown in Fig.
3(b).

Using the fitting curves : Jic-As, dJ/da-As,
one can obtain a power-law curve of crack
growth resistance o/ versus crack extension Aa,
as shown in Fig. 3(¢c) and equation (12). This
constraint-corrected J-R curve can predict J-R

1200
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Fig. 3 Experimental J-R curves for standard and
shallow crack SENB specimens (Joyce and
Link, 1997)

curves quantified the crack-tip constraint by
the parameter As.

3.2 Experimental results of SENB
specimens

The shallow cracked SENB specimen can
exhibit as low a constraint condition as any
found in structure applications and can be test-
ed much easier than the other low constraint
specimens such as SENT, DECP, CCP. There-
fore, the toughness test of SENB from shallow
to deep cracks can give a wide of constraint lev-
els for the tested material from low to high con-
straints. This section introduces several sets of
test data about SENB specimens.

Joyce and Link (1997)"> tested a series of SENB
specimens with a/W ratios varying from 0.13 to
0.83 for an HY80 steel. These specimens were
all 1T SENB with 20% side grooves as recom-
mended by ASTM E 1737-96. The material prop-
erties are the 0.2% yield strength co=610MPa,
the ultimate strength o,,=726MPa, the Young' s
modulus E=199 GPa, the Poisson ratio v=0.29
and the strain hardening exponent n=10.

The experimental J-R curves for the HY80
steel specimens tested by Joyce and Link
(1997)*" are shown in Fig. 3 and Fig. 4. Figure
3 shows specimens with a/W<0.7, i.e. the spec-

imens which satisfy the initial crack length
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Fig. 4 Experimental J-R curves for standard and
deep crack SENB specimens (Joyce and
Link, 1997) i

requirements in ASTM E 1737-96 and those
with shorter cracks. While Fig. 4 shows speci-
mens with ¢/W>0.5 , i.e. the specimens which
satisfy the initial crack length requirements in
ASTM E 1737-96 and those with longer cracks.
In both cases the non-standard crack length
geometries give higher J-R curves than the
standard geometires. The J-R curves of the
standard specimens with 0.55 <a/W<0.70 form
a tight band of data with little dependence on
a/W. The dependence of crack length on the J-R
curves is attributed here to be due to the differ-
ence in crack-tip constant.

The initiation toughness J;c and the material

dJ

> S -atda= 1mm are
oy’ da

presented by Joyce and Link (1997)* for all
specimens and listed in Table 1. Based on J-Q
approach (O’ Dowd and Shih, 1991)*, they esti-
mated the @-constraint parameter for all

tearing resistance Tp=

specimens with the J-integral at the Ji¢ level
and listed the values of Q-parameter in Table 1.
As mentioned earlier, the parameter @ depends
on the load level and the distance ahead of the
crack tip (Sharma et al., 1995 ; Faleskog,
1995, and so @ is a “rough” constraint param-
eter. The more proper constraint parameter Ay,

used in this work, is almost independent of the

distance ahead of the crack tip in the interested
region of 1< r/(J/ao)< 5 and independent of load-
ing under the large scale deformation. From the
definition of @, i.e. Qoy=0w— cds" at 6=0 and
r=2J/0p, and comparing to (3), we can obtain
the transformation relationship of @ and A

" @ 2 2\
Az(%) o) (0)-+Aq (—O'—oillj) o0 (0)
J -
= p—ity nL) (16a)

For n=10, the constants s;= —0.06977, s;=
0.06977, s3=0.23044, I,=4.53985, 556 =0.3130,
060(0)=—6.4127. For the HY80 steel, the yield
stress 0p=610MPa, the yield strain e,=ocyE=
0.003065. Letting a=1 and L.=10mm, (16a)

becomes

J 0.06977

0.3 13(%’0_)

0.23044

Az—6.4 127(—37‘;3)

84' 2 0.09091
ot=( 38 ) Q

(16b)

Using (16b), we can convert the values of Q
to the values of Az. The evaluated results of Az

for all specimens are also listed in Table 1.

3.3 Constraint-corrected J-R curves
for HY80 steel

Using the test data in Table 1 and following
the procedures described in Section 3.1, we can
predict a constraint-corrected J-R curve using
the parameter As. Figures 5(a) and 5(b) show
plots of Jic and Tr versus constraint level as
quantified by As. Figure 5(a) shows that the ini-
tial toughness Jic can be approximately consid-
ered as a constraint-independent constant. This
corroborates the experimental observations of
Hancock et al. (1993), Joyce and Link (1995,
1997)* ' Thus the relationship of Jic versus Az
can be approximated by an average constant

(496)



Two-Parameter Characterization for the Resistance Curves of Ductile Crack Growth 79

Table 1. Fracture toughness and constraint quan-
tities for all SENB specimens

Specimen a/b Jic Tr
0. "™ m | &9 | da=tmm | @A
94A 1029 [145355 | 2118 | 958 5 | 0.
94B | 0.26 |13.0/37.0 | 2256 | 991

94D 1019 | 95405 | 2172 | 1040 | -0.60 | —0.3¢
To4E 039 | 195305 | 2160 | 179
794G | 055 | 275025 | 195.2 721

To4H | 055 275025 | 1692 | 7L1

94J 013 65435 | 2193 | 1094 | -0.
4K 014 | 70430 | 2151 | 1174 | —
" 94K |04 | 7.00430 | 1830 | 100.0

94d 1013 | 65435 | 1965 | 1087

| FYB507 | 0.61 | 305195 | 1895 | 550 | -0.10 | —0.132

95H | 0.83 | 41585 | 1629 @ 737 | 025 —0.232

" 956 [078 |49.0/110 | 1456 | 787 |-022]-0220
95X | 070 |45.0/15.0 | 1726 561 | -0.15 | ~0.171

Note : L=203mm, L/'W=4, BBW=0.5 ;

W=50mm, B=25mm. Side groove 20%.

Jic=194 (KJ/m?) (18)

From Fig. 5(b), the relationship of Tr versus
Ay can be fitted by a straight line

Tr=—187.33 A2+36.425 (19)
or fitted by a 2-order curve
Tr=—164.TTAs’—277.38 A, +25.717 (20)

Since the small difference between the two fit
curves (19) and (20) can be observed in Fig.
5(b), without the loss of generation, we only use
the linear fit curve (19) in following analyses.

Based on the definition of material tearing

oJ

o 3q lda=1m and (19), substitu-
0 - m

resistance Tr

tion of material properties yields the slop, d.J/daa,
of J-R curve at crack extension Aa=1mm as

o

Sa lsa=tmm= 350.314A> + 68.109(N/mm?)

21

Since the material flow stress oy is the aver-
age of the material strengths, for the HY80 steel
we have op=668MPa. IFfrom the test results

(a)

300
250
>
peo . o
m - - - - .‘- 3
€ r RS
= *
2 1% >
Q
= 100
We=198
50
1]

05 -04 .03 -02 -0t [

Az
150 ®)
Te=-187]33A, 364*
120 BN

of

M
60 LA )
;\
AN
30 T 1O TR T 2TT30A;
25717

0

05 04 -03 02 01 0
Az

Fig. 5 Experimental data and fitting curves for
SENB specimens. Note that the dots are the
test data of Joyce and Link (1997), the lines
are best-fit curves.

(a) Initiation toughness Jic versus A,
(b) Tearing toughness Ty versus A;

shown in Figs. 4 and 5, Jy=0 at Ae=0 for all
specimens. Thus Co(A2)=0 in (12). Then substi-
tution of (18) and (21) into (15) gives the govern-

ing equations

C1(0.3452)"=194
C:Cy= —350.31A,+68.109 (22)

For a specific value of Ag, solving (22) by
Mathcad software using the non-linear Newton
iteration method can obtain the magnitudes of
C; and C.

For —1.0<A2<0, we solved (22) and plotted
the relations of C; versus Ay and Cy versus Ay
in Fig. 6(a) and Fig. 6(b) denoted by dots. Two
linear fitting curves follows from these two fig-
ures that

C1(Ay)=—226.35 Ay +264.63)
Cao(Ar)=--0.5813A4,-0.3182 (23)
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Fig. 6 Fitting curves between parameters in a
constraint-corrected J-R curve for SENB
specimens with J;c=194 KJ/m* (the dots are
the calculated data from equation (23), the
line are best-fit curves).

(a) Variation of C, versus A,
(b) Variation of C; versus A;

Substituting (23) into (12), we obtain the con-
straint-corrected J-R curve with the parameter
Az

J(Aa, Az)=(—226.35A;

! € 0.53[344[*0,3182)

+264.63)(7, ")

(24)

Figure 7 shows six different J-R curves pre-
dicted by (24) for A2=0.00, —0.05, —0.10,
—0.20, —0.30, —0.40. Comparing Fig. 7 with
Fig. 3, one can find that the predicted J-R
curves are very similar to the experimental J-R
curves.

Figure 8 shows the comparisons between the
predicted J-R curves by (24) and the experi-
mental J-R curves tested by Joyce and Link
(1997)" for a low constraint SENB with a/W=
0.13 and and a high constraint SENB with

1200

T
1000
e~
-
‘E 800 e /
2 / %= ]
Ny Zetz==
;E' 400 %//‘/
200
A2 = §.00, -0.04, -0.10, -¢.20, -0.3¢, -0.40
o

2

°
»
L3
«
o

Crack Extension (mm)

Fig. 7 J-R curves predicted by equation (24) for
SENB specimens with J;c=194 KJ/m* and
A2=0.00, —0.05, —0.10, —0.20, —0.30, —0.40.

1400

1200 //
w4
1000 v
g A
3 > 7w =
. ¥ L1
- =
g ( P 2
- 4 —
400 S A2 = - 0.393)
'! w  Testdate B4J, aW=0.13)
200 —Pradiction (A2 = - 0.168)
o Testdata (B4G, aW = 0.55)
0 T T T

0 2 4 [} 8 10
Crack Extension (mm)

Fig. 8 Comparisons of predicted J-R curves by
equation (24) and experimental J-R curves
of Joyce and Link (1997) for SENB speci-
mens with a shallow crack of a/W=0.13 and
a deep crack of a/W=0.55.

a/W=0.55 and A;=—0.168. It should be noted
that in our prediction analysis of constraint-
corrected J-R curves we only use the test data
at two points within Aa<1mm for a specific
specimen, however, the predicted results can
match very well with the experimental data up
to the crack extension Ae=7mm for both shal-
low and deep cracks. This indicates that the /-
A, description can indeed predict the J-Resis-
tance versus crack extension within a reason-
ably large range of crack growth with J being
the applied crack growing force and Ay a con-
straint parameter. Therefore, this section
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shows that our approach of constraint-correct-
ed J-R curves is simple and effective to predict
the effect of constraint on J-R curves for ductile

crack growth.

4. Applications of constraint
-corrected JJ-R curves

For a specific material, once a constraint -cor-
rected J-R curve is determined, one can apply
the constraint-corrected JJ-R curves to predict
the crack growth resistance for any non-stan-
dard fracture specimens or real cracked struc-
tures with the same material. This section
applies the constraint-corrected J-R curve (24)
to order the J-R curves for different specimen
types and investigates the effect of specimen
sizes on the J-R curves.

Consider five different conventional speci-
men geometries : compact tension (CT) speci-
men, three point bend (3PB) specimen, single
edge-notched tensile (SENT) specimen, double-
notched tensile (DENT) specimen and center-
cracked panel (CCP), as shown in Fig. 9. The
in-plane sizes of these specimens are marked in

[Fracture Test Spedmens]
® £18 ®)
2 IW
l O 2H .
-
r © r 11t
2
o E
3 8 TERT )
g

Fig. 9 Specimen geometries : (a) compact tension
(CT) ; (b) three point bend (3PB) ; (c¢) single
edge-notched tension (SENT) ; (d) double
edge-notched tension (DENT) ; (e) center-
cracked panel (CCP).

this figure, in which a is the crack depth, W is
the specimen width and H or 2H is the speci-
men length. The specimen thickness is denoted
by B. The five specimens are mostly common
used in the fracture test.

At the level of applied J (J=dJjc=194Kd/m?),
Plane strain FEA calculations are performed
for all five specimens as shown in Fig. 9 to
obtain the distribution of the crack opening
stress gglr, 0) on the remaining ligament at
the load level of J=dJc. With the FEA results
of oge(r, 0) and using equation (8), one can
determine the magnitude of the constraint-
parameter Az for all the specimens at the stage
of initiation. In addition, the values of As can be
approximately determined using (16) by conver-
sion of @ for these specimens based on the avail-
able FEA results of @ given by O’ Dowd and
Shih (1991, 1992)*-%2, For a cocnventional speci-
men size, e.g. the specimen width (or half of the
width) W=50mm as recommended in ASTM
fracture test standards, we obtain the constraint
parameter A= —0.210, —0.241, —0.269,
—0.445, —0.559 corresponding to CT, 3BP,

1800
L / cc
1500 [
DE
oy
£ 1200 i V
g // SE
«© 900 — 3p
& cT
Iy / %%
€ 600 :/
-
3
300
A2 = -0.21d -0.241,}0.269, -p.445, -0|559
0 Liss aad oy N .
0 2 4 6 8 10

Crack Extension (mm)

Fig. 10 Effect of specimen geometries on J-R
curves predicted by equation (24) for con-
ventional CT, 3PB, SENT, DENT and CCP
specimens with a/W=0.6, W=50 mm and
Ay=—0.210, —0.241, —0.269, —0.445, —0.559,
respectively
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SENT, DENT, CCP specimens with a/W=0.6.
Substituting these values of Ay into the con-
straint-corrected J-R curve (24), we can predict
the J-R curves for all five specimens as plotted
in Fig. 10. The variation trends of these pre-
dicted J-R curves follow those brought out in
the FEA modeling work by Xia et al. (1995)™
and the systematic experimental studies of the
effect of constraint by Hancock et al. (1993)!"
and Joyce and Link (1995, 1997)14 >,

The deeply-cracked CT and TPB specimens
have the highest constraint and lowest resis-
tance curves, while the CCP specimen has the
lowest constraint and the highest resistance
curve.

To investigate the effect of specimen sizes on
the J-R curves to ductile crack growth, we
choose CT specimen as a sample and carried
out FEA calculation for different specimen
sizes at J=dJc to determine the magnitude of
the constraint parameter As. The CT specimens
we chosen cover small-sized, standard and
large-sized specimens : 1/2T CT, 1T CT, 2T CT,
4T CT and 16T CT. These CT specimens have
the crack depth a/W=0.6 and the correspond-
ing specimen width is W=25 mm, 50 mm, 100

1400
1/2T CT
1200 //
? 1000 -
= 1ITCT
g 800 <] = arer
b1 T CT
[ / | — (1‘37 cn
g’ 600 / "//
= ///Jr
> 400
- lA, = -0.4p6, -0.21D, -0.144]-0.118, 0.117
200
E
0 P BT
0 2 4 6 8 10

Crack Extension (mm)

Fig. 11 Effect of specimen sizes on J-R curves pre-
dicted by equation (24) for 1/2T CT, 1T CT,
2T CT, 4T CT and 16T CT specimens with
a/W=0.6 and Ay,=—0.406, —0.210, —0.144,
—0.118, —0.117, respectively.

mm, 200 mm and 800 mm, respectively. Using
(8), we obtain the corresponding constraint
parameter As=—0.406, —0.210, —0.144,
—0.118, —0.117. The J-R curves predicted by
equation (24) are depicted in Fig. 11 for these
CT specimens with the five different sizes.
Note that two curves almost coincide with each
other for 4T CT specimen and 16T CT speci-
men. This indicates that the small scale yield-
ing deformation will maintain at the crack tip
for large-sized specimen W>200mm. Figure 11
shows that the constraint level increases and
the crack tearing resistance decreases with
increasing specimen size. J-R curves for all
large-sized CT specimens are lower or flatter
than that for the ASTM standard CT specimen,
whereas J-R curve for the small-sized CT speci-
men is higher than that for the ASTM standard
CT specimen. Hence the smaller the size of test
specimens, the more dangerous or unsafe the
test data for application in real cracked struc-
tures. Similar dependence of J-R curves on
specimen sizes can be predicted using our con-
straint -corrected JJ-R curve (24) for 3PB,
SENT, DENT and CCP specimens. These pre-
dictions are well in agreement with the FEA
prediction by Xia et al. (1995)*" and Shan et al.
(1996)*. Therefore, one can conclude that it is
unsafe for the application of J/-Resistance curve
data obtained from standard or small-sized
specimens to large-sized specimens or real
cracked structures. As a result, it is necessary
and applicable to use our approach of con-
straint-corrected J-R curves to transfer and
apply the laboratory J-R curve data into real
cracked structures.

5. Conclusions

The present paper considers the constraint
effect on J-R curves under the two-parameter
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J-A; controlled crack growth within a certain
amount of crack extension. Both J and A, are
used to characterize the resistance curves of
ductile crack growth using J as the loading
level and A; as a constraint parameter. The
present work is summarized as follows

(1) The parameter A, in the J-Ag three-term
solution is independent of applied loading
under fully plasticity or large-scale deforma-
tion, therefore, A is a mostly proper constraint
parameter at a crack tip to quantify the effect
of constraints on the resistance of ductile crack
growth within J-A, controlled crack growth.

(2) Using Az as a constraint parameter, the
approach of constraint-corrected J-R curve is
developed, and a procedure of transferring the
J-R curves determined from standard ASTM
measurement to non -standard specimens or
real cracked structures is outlined. Provided
that the constraint parameter A; is determined
for a specific specimen, the J-R curves of this
specimen can be predicted by the constraint-
corrected J-R curve. Moreover, this approach
can also predict the J-R curves of a surface
crack in a specimen or real cracked structure.
One can evaluate the variation of the con-
straint parameter A, along the front of surface
crack and determine the maximum and mini-
mum values of A2. And then the upper and
lower bound of the J-R curve for the surface
crack growth can be predicted from the con-
straint-corrected J-R curve. This could avoid
the difficult test of surface crack growth.

(3) Based on the experimental JJ-R curves of
Joyce and Link (1997) for single-edge notched
bending [SENB] specimen with from shallow
cracks to deep cracks, the variation of initiation
toughness JIC and tearing modulus TR with
the constraint parameter Az is obtained. Fol-
lowing the procedure of constraint-corrected oJ-

R curve presented in this work, a power-law

relationship of constraint-corrected J-R curve
is constructed for the test material of HY80
steel. Comparisons show that the predicted J-R
curves, which only used the test data of two

points within Ae <1mm, can very well match

"with the experimental data up to the larger

crack extension Ae=7mm for both deep and
shallow cracked specimens. This shows our
approach of constraint-corrected J-R curves is
simple and effective to predict the effect of con-
straint on J-R curves for ductile crack growth.
The results also indicate that the initiation
toughness Jyc is almost a constant independent
on the constraint level (As).

(4) This paper applies the constraint -correct-
ed J-R curve (24) for the HY80 steel to predict
the J-R curves of different conventional speci-
mens. The order of J-R curves from high con-
straint to low constraint is CT, 3PB, SENT,
DENT and CCP specimens, which agrees with
the test results by Hancock et al. (1993) and
Joyce and Link (1995). Specimen sizes have very
serious influence on J-R curves, the constraint
level increases and the crack tearing resistance
decreases with increasing specimen size. There-
fore, it is necessary to consider constraint effect
on J-R curves when apply the laboratory J-R
curve data into real cracked structures. Our
approach of constraint-corrected J-R curves can
do this kind of work well.
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