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In this paper, the higher order terms in the crack tip stress fields are investigated macros-

copically for more realistic assessment of structural material behaviors. For reactor pressure
vessel material of A533B ferritic steel, effects of crack size and temperature have been evaluated

using 3-point SENB specimens through a series of finite element analyses, tensile tests and

fracture toughness tests. The 7 -stress, {-parameter and g-parameter as well as the K and
J-integral are calculated and mutual relationships are investigated also. Based on the

evaluation, it has proven that the effect of crack size from standard length (a/ W =0.53) to
shallow length (@/ W =0.11) is remarkable whilst the effect of temperature from —20°C to
—60°C is negligible. Finally, the cleavage fracture toughness loci as a function of the promising

@Q-parameter or g-parameter are developed using specific test results as well as finite element

analysis results, which can be applicable for structural integrity evaluation considering con-

straint effects.
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1. Introduction

Since 1960’s, fracture mechanics theories have
been developed to account for various types of
material behaviors and geometric discrepancy.
The characterization of crack tip stress and strain
fields is essential to the fracture mechanics (Jeon
et al., 2003) and, Mode I is a representative one
among the three types of basic loading that a
crack can experience. In LEFM (Linear Elastic
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Fracture Mechanics), asymptotic stress and dis-
placement fields of the crack tip described as
Eq. (1) and Eq. (2) respectively in which those
are expressed using SIF (Stress Intensity Factor)
K after ignoring higher order terms. The higher
order terms depend on geometry but thought as
not significant when comparing with the leading
term that is proportional to 1//# (Anderson,
1995).
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where, E is a Young’s modulus, # is a Poisson’s
ratio and k=3—4#n for plane strain condition.
In EPFM (Elastic-plastic Fracture Mechanics),
J-integral can be used to characterize the crack
tip conditions instead of K. The stress and strain
fields described as Eq. (3) are obtained by ap-
plying the appropriate boundary conditions.

1

0:;=0p (A)mﬁﬁ(n, 6)

gl
o o)
Q0 LJ \m¥l.
&= E < (ZO'gI;ﬂ’ ) 51.1(71, 6)

where, o, is a reference stress usually equal to
yield strength, g,=0y/ E, @ is a dimensionless ma-
terial constant, # is a strain hardening exponent
and I, is an integration constant which depends
on # are dimensionless functions of # and 4.
Eq. (3) is called the HRR singularity named after
Hutchinson, Rice and Rosengren (1968 ; 1968).

A structure under SSY (Small-Scale Yielding)
condition has two singularity-dominated zones ;
the one in the elastic region where stress varies as
1//7 and the other in the plastic zone where
stress varies as # V"tV In reality, however, the
singular field does not persist all the way to the
crack tip. The large scale yielding near the crack
tip causes a blunting which reduces the stress
triaxiality locally. The blunted crack tip is a free
surface and thus oxx must vanish at »=0. The
analysis that leads to the HRR singularity does
not consider the effect of the blunted crack tip
on the stress fields, nor does it take account of
the large strains that are present near the crack
tip. This is based on small strain theory that
breaks down when strains are greater than 10%
(Anderson, 1995).

In this paper, the higher order terms in the
crack tip stress fields are investigated for reac-
tor pressure vessel material of AS533 ferritic steel.
The effects of different crack size and tempera-
ture are evaluated using 3-point SENB (Single
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Edge Notched Bend) specimens through a series
of finite element analyses and fracture tough-
ness tests based on macroscopic two-parameter
approaches using 7 -stress, §-parameter and g-
parameter. Thereby cleavage fracture toughness
loci are developed for realistic structural integrity
evaluation considering constraint effects.

2. Summary of Two-Parameter
Approach

2.1 J-T Theory (Williams, 1957; Bilby et
al., 1986 ; Betegon and Hancock, 1991 ;
Hancock et al., 1993; Sumpter, 1993;
Kirk and Dodds, 1993)

In a cracked body subject to Mode I loading,
the T -stress scales with the applied load. The
biaxiality ratio (4) which is a constant for a
given geometry and loading mode relates 7T to
K; and expressed in Eq. (4).
specimens with K, solutions, the 7T -stress is
given by Eq. (5).

For laboratory

=Tz (@
___ BP a
T=F/maw ) (5)

The J-T theory has been successfully used as
a convenient means to investigate and charac-
terize specimen geometry effects on near tip stress
triaxiality under conditions of well-contained
yielding (Bilby et al,, 1986; Betegon and Han-
cock, 1991). However, this methodology has limi-
tations because the T -stress is an elastic para-
meter. The 7 -stress estimated from load through
Eq. (5) has little physical meaning under fully
plastic condition. It was addressed that /-7
theory provides a good practical method of pre-
dicting the nature of the higher order terms in
FFS (Full Field Solution) (Betegon and Han-
cock, 1991). The appropriate toughness for real
structural defects can be matched against that of
test specimens with similar constraint through
the use of J-T fracture locus. Therefore, experi-
mental confirmation with J. is recommended in
general.
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22 J-Q Theory (O’Dowd and Shih, 1991;
1992 ; O’'Dowd et al., 1995; Shih et al.,
1991)
In the two-parameter approach using the §-
parameter, the crack tip stress fields are assumed
to be

0= (O'ij) nrr+ Q00d:; or
0= (045) ssy; =0+ €000

(6)

where, §,; is the Kronecker delta. Typically the
Q-parameter is defined by

Oyy— (Oow) nre or Q= Oyy— (Opp) ssv:70
) oo )

at =0 and roy/J=2

Q=

The @ values under SSY condition are avail-
able from the relation between &) and the 7T-
stress in which the crack tip is assumed to remain
sharp whilst the present analysis is focused on
obtaining the § values under LSY (Large-Scale
Yielding) condition. Once T -stress is known,
@Q-parameter may be determined from the @-T
relationship. The T -stress relates uniquely to the
@-parameter under SSY condition. Within the
MBLF (Modified Boundary Layer Formulation),
the {-parameter may depend on the 7 -stress
alone. For a power-law hardening material, there
is a one-to-one correspondence between these
two parameters as follows (0’Dowd and Shih,
1992):

Qssy=F(T/00; n) (8)

In Eq. (8), the subscript SSY emphasizes that
the results are derived from a small scale yiel-
ding solution. The F additionally depends on
dimensionless combinations of material parame-
ters though which is expected to be weak. This
can be translated as a description of near-tip
states by J and @ is equivalent to that phrased in
terms of K and T since {-parameter and T-
stress are related by Eq. (8), and J and K are
related as follows. However, this equivalence
does not hold under fully yielded condition.

(UK
I=="7%
Under SSY condition the /- 7°and J-@ theories

(9)
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are equivalent. Even though it can be obtained
from finite strain formulation also, based on
full-field numerical investigations, the 7 -stress
does not adequately quantify the crack tip con-
straint under LSY condition.

2.3 g-parameter (Clausmeyer et al., 1991;
Pavankumar et al., 2001)
As one of the constraint parameters, the multi-
axiality quotient (g) is defined as follows:
= 0O
=30,
where, 0y, is a hydrostatic stress and g. is a von
Mises effective stress.
The small values of g represent high degree
of stress triaxiality according to above defini-

at 1<rgy/J <5 (10)

tion. The ¢- and @-parameters can be used to
describe the crack tip constraint conditions in
a similar fashion. A relationship between these
two parameters was investigated in order to con-
vert from one parameter to the other easily for a
specific material (Clausmeyer et al., 1991). The
relationship is derived as follows :

o i
~ (mQ+o) /3

where, m=00/(0c) res, ¢=(0n/0e) rer and ref
means HRR or SSY solution. In this paper, re-

q at 1<rao/J <5 (1)

garding the g-parameter determination, the SSY
solution is mainly used as the ref.

3. Material Property

3.1 Tensile test data

The constraint effects are most pronounced
for low-to-medium strength structural steels op-
erating in the ductile-to-brittle transition region
where unstable fracture occurs by the micro-
mechanism of transgranular cleavage. In this re-
search, A533B ferritic steel (HSST Plate 14) is
used. It is heat treated to achieve an elevated
yield strength by approximating that for a typi-
cal radiation sensitive RPV (Reactor Pressure
Vessel) steel irradiated to a fluence of 1.5 X 10%
n/cm? (E>1MeV). The resulting room tempera-
ture yield strengths are in the range of 620~655
MPa.



Development of Cleavage Fracture Toughness Locus Considering Constraint Effects

Table 1 and Fig. 1 show the basic properties
and stress-strain curves of the material obtain-
ed from uni-axial tensile tests and by extension
until strain of unity. A Poisson’s ratio of 0.3 is
assumed and all of these data that depend on
temperatures are used as inputs for correspon-
ding finite element analyses. Also, for engineering
application, it may necessary to express the full
range tensile test data as a power law relation-
ship. Eq. (12) represents a Ramberg-Osgood (R-
0) equation which is widely used for stress-
strain data curve fitting.

Table I Basic tensile properties of A533B ferritic

steel
Temperature (‘C) —20 —40 —60
Young’s Modulus (MPa) | 217000 | 220250 | 223500
Yield Strength (MPa) 657 668 678

1400
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The temperature-dependent power law relation-
ships of material were derived using Eq. (12) and
experimental tensile test data. Resulting values of

(12)
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R-O parameters shown in Table 2 are used for
HRR solution.

3.2 Fracture toughness test data

In this research, total 28 fracture toughness
tests have been carried out using SENB speci-
mens with 25 mm-thickness. Table 3 describes the
representative dimensions used in the tests and
utilized for FE (Finite Element) model genera-
tion. Table 4 summarizes the minimum (J¢mn)
and maximum (J/cmex) fracture toughness test
data of the material at each temperature accor-
ding to ASTM E1820-99 (1999). As shown in
the table, even though the fracture toughnesses
of low constraint shallow cracked specimens are
higher than the fracture toughnesses of high con-

= straint standard cracked specimens, there are
E large scatters since the tests have been performed
e
% in the ductile-to-brittle transition region.
g
§ w0 Table 2 Ramberg-Osgood parameters of A533B fer-
F 4 b e e — e ——— e ritic Steel
wor " — 20T - 40T ----60C J Temperature (C) &o a »
0 . L L —L —20 0.003028 | 0.425 12.337
0.0 02 04 06 08 10 b
True strain —40 0.003033 | 0.414 12.214

Fig. 1 Stress-strain curves of AS33B ferritic steel —60 0.003034 | 0.424 11.942

Table 3 SENB specimen dimensions used in test (mm)

Geometry | Thickness | Net Thickness | Width | Length | Span | Initial Crack
(B) (Brer) (W) (L) (S) Length (@)
Shallow Crack 24.94 1989 [ 2495 [ 125 100 2.74
Standard Crack 25.00 19.97 | 2489 125 100 1327

Table 4 Fracture toughness test data of A533B ferritic steel

o Shallow Crack
Temperature (C)

Standard Crack

Jemin. (kKN/m) Jemax. (kN/m) Jeon.(kN/m) Jomax. (kN/m)
—20 15 263 48 247
—40 64 374 20 144
—60 22 162 29 49
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4. Numerical Analysis

4.1 HRR solution

The reference HRR solutions, (¢;;) ure, were
obtained from the crack tip stress and relevant
R-O parameters using Eq. (3). Fig. 2 shows tem-
perature dependence of the HRR solutions in
which the reference non-dimensional tangential
stresses are illustrated along the non-dimensional
distance.

4.2 Boundary layer formulation
The finite element analyses were carried out

4.0 _ - -« -
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5 3T _—o— 40T —i— 60T ||

0‘0 1 1 1 L
0.0 1.0 2.0 3.0 4.0 5.0
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Fig. 2 Temperature dependence of reference non-
dimensional tangential stress directly ahead
of the crack tip from HRR solution

Fig. 3 FE mesh for BLF
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by ABAQUS Code (2001) with focused meshes
shown in Fig. 3. The mesh contains 320 8-noded
biquadratic plane strain quadrilateral elements
consisting of 20 rings and 16 elements concentric
with the crack tip. McMeeking suggests that if
the CTOD (Crack-Tip Opening Displacement)
after deformation is at least 5 times the initial
value, the results should not be affected by the
initial blunt notch (McMeeking and Parks, 1989) .
The crack tip is modeled to having very small
finite root radius of 1X10™° mm in order to in-
corporate a blunting region. During loading, the
crack tips were blunted to maximum openings
between 10 and 15 times their undeformed open-
ings to assure that the initial notch radius would
not affect on the results. The crack tip was defined
by 33 nodes, which were regularly spaced on a
quarter—circle shaped line, and the mesh is re-
garded as fine to fulfill the condition suggested by
other researchers (Varias et al., 1991).

The displacement boundary conditions in Eq.
(2) were imposed on the outer boundary corre-
sponding to the displacements associated with a
K field. In order to determine the specific boun-
dary layer solutions of material, the incremental
plasticity option were used based on the stress-—
strain curves shown in Fig. . Table 5 summarizes
the boundary layer solutions directly ahead of the
crack tip. The validities of the boundary layer
solutions are checked in Fig. 4 through compari-
son of the non-dimensional tangential stresses

50
a0t
.~ v *>
30t - oy
v S
a
B
7 20
. 20T —w—-20T [Ref21]
H -5es 40T -~ 40T [Ref21]
e 0T ke 60T [Ref21]
00 L ! . .
00 10 20 30 40 50

rofJ

Fig. 4 Comparison of non-dimensional tangential
stresses directly ahead of the crack tip from
BLF with reference results
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Table 5 Boundary layer solutions, 0,y (MPa), of A533B ferritic steel (§=0°)
Temperature (C) roo/J=1 roo/J =2 roe/J =3 roo/J =4 roo/J=3
—20 23202 2162.3 2059.2 1971.5 1879.8
—40 | 2365.9 2203.3 2096.9 2006.7 1912.5
—60 L 2410.3 2242.3 21329 2040.1 1943.4
Table 6 7 -stress (MPa) of shallow and standard cracked specimens

Temperature (C)

Shallow cracked
specimen (a/ W=0.110)

Standard cracked
specimen (a/ W=0.533)

—20 —497.5 287.7
—40 —505.8 292.5
—60 —513.4 296.9

directly ahead of crack tip and corresponding
reference results (O'Dowd, 1992 ; Dodds et al.,
1992).

4.3 Modified boundary layer formulation

Several relationships to estimate the biaxiality
ratios, 3, have been proposed for different crack
length to width (@/W) ratios. Sham et al. sug-
gested tabulated values (Sumpter, 1993). The 8-
a/ W relationships were also suggested by Lee-
vers et al.(1982), Anderson (1995) and Kirk et
al. (1993) respectively. In this paper, the £ values
by Kirk et al. were adopted since those were
presented recently as a fitting equation and there
were no big differences to the other values until
a/ W=0.4. Using the 8 values, specimen geo-
metries and Eq. (4), the T-stresses of shallow
and standard cracked specimens were determin-
ed. Table 6 summarizes the results for different
crack sizes and temperatures.

The reference solutions, (g;;) ssy,7+0, were ob-
tained from the crack tip stress field through
modified boundary layer formulation. The finite
element model and analyses method were same
with the boundary layer formulation except the
displacement boundary conditions. The previous
displacement boundary conditions in Eq. (2)
were modified as Eq. (13) that imposed on the
outer boundary corresponding to the displace-
ments associated with K field plus the displace-
ments due to the T-stress (Al-Ani and Hancock,
1991). In other words, the elastic-plastic crack

50
K = 3826.9 MPamm
T=-497.5 MPa
490 :
30
o
E'&
° 20
—5— 42% Load
whb——— 12~ 1% Loud |
-~~~ 100% Load
00 " . . ;
0.0 10 2.0 3.0 4.0 5.0
ro/d
Fig. 5 Applied load dependence of reference non

-dimensional tangential stress directly ahead
of the crack tip from MBLF at —20C
(shallow cracked specimens)

tip fields in SSY condition were generated by
applying displacements consistent with the first
two terms of the linear elastic crack tip fields to a
circular region containing an edge crack. In order
to ensure that the SSY assumption is satisfied, the
FE mesh was modeled sufficiently large.

ux=——‘—(l +Ev)K1 /%cos <g) [K— 1+2 sinz(g)}

+{1-2% E%E Kir cos 8
(13)
o= T Fsin(§ )12t (§)
—v(l+v) Efﬁ Kirsin 6



2164 Yoon-Suk Chang, Young-Jin Kim and Ludwig Stumpfrock
Table 7 Modified boundary layer solutions, g,y (MPa), of A533B ferritic steel (§=0°)
Identification roo/J =1 roo/J =2 roo/J =3 roo/ J =4 roo/J =5
—20C Shallow 2008.8 1820.2 1735.6 1645.1 1560.8
—407C, Shallow 2050.4 1856.2 1768.8 1675.7 1588.8
—60°C, Shallow 2091.4 1890.7 1800.6 1704.9 1615.7
—20°C, Standard 2415.1 2256.7 2154.6 2068.9 1979.2
—407C, Standard 2463.0 2299.5 2194.1 21059 2013.5
—60°C, Standard 2509.3 2340.2 2231.7 2140.8 2046.0
0 K= 38269 MPaSmrm ed specimens respectively. Also, the 7T -stresses
7'=287.7 MPa which have been determined from ABAQUS di-
40 rectly and Eq. (13) were compared. Even though
" the comparison results were omitted due to the
& ’ lack of space, the values of J-integrals and 7-
o2 " stresses are same in both cases.
—e— £2% Luad .
0 o 717 Lowa 44 T-stress calculation
- 100% Load The elastic T -stresses for both shallow and
00 L . S A standard cracked SENB specimens were obtain-
0.0 1.0 20 30 40 50 . . .
y ed from a series of elastic finite element analyses
ro,
0

Fig. 6 Applied load dependence of reference non-
dimensional tangential stress directly ahead
of the crack tip from MBLF at —20C (stan-
dard cracked specimens)

Figures 5 and 6 show load dependence of the
boundary layer solutions for shallow and stand-
ard cracked specimens at —20°C. As shown in the
figures, the solutions for shallow cracked spec-
imen were dependent on the applied loads though
the solutions for standard cracked specimen were
little dependent on the loads. These phenomena
were occurred also for other temperatures and
considered due to the different constraint condi-
tions of both specimen types.

Table 7 summarizes the modified boundary
layer solutions directly ahead of the crack tip
using mean value solutions. For verification, the
J-integrals which were determined by ABAQUS
and from the K and 7 -stress components were
compared. In this comparison, the loading con-
ditions of T=0 state were determined by B=
0 while the loading conditions of T#0 state
were determined by 8= —0.381 for shallow crack-
ed specimens and 3=0.485 for standard crack-

whilst the corresponding J-integrals were obtain-
ed from elastic-plastic finite element analyses
since the T -stress does not affect the J-integral
(or Ki). The loading conditions in Eq. (5) were
imposed corresponding to the loads associated
with K field plus the loads due to the T -stress.
The relation between the 7 -stress and applied
load for an SENB specimen is as follows (Kirk
et al.,1993):

.S
T=15%0:

+27< )]N—(H

a i _4a 10932
B(a/W)[199 W( W)[ils 31.93 W(14)
i)

where, §(a/ W) =0.462+0.461 (&) +2.47(-%-)
for 0.025 s%sogo.

The typical FE models used for SENB spec-
imens consist of 403 and 460 8-noded biquadratic
plane strain quadrilateral elements for shallow
cracked model and standard cracked model re-
spectively. The load was applied by distributing
tractions over two points to eliminate the local
singularity effects caused by a concentrated nodal
load. All of the analyses data were retrieved at
node points instead of integration points for
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Table 8 Biaxiality ratios of SENB specimen that loaded by traction
a/ W 0.05 0.15 0.25 0.391 0.50 0.70 0.90
Biaxiality ratio (8) —0.415 | —0296 | —0.178 | —0.006 | 0.137 0.410 1.180
: _ ; ; 50
convenient post-processing since there were no e e
remarkable differences in the results, e.g. load and -8+ I = 7683 kNim --9-- J = 161.20 kNim
displacement, between node point data and inte- aor
gration point data.
. . 3.0
The T -stresses which were determined from &
ABAQUS directly and Eq. (14) were compared S
for verification. However, there were differences,
especially for the case of positive T -stress. This Lo
phenomenon did not occur in the modified boun- 2’::’:‘;‘0”:5
dary layer formulation and it may due to the dif- 0.0 . . \ ;
L 0.0 10 20 3.0 40 5.0
ferent biaxiality parameters. In order to resolve I
ro
o

the discrepancies, additional review and finite
element analyses have been carried out. Kirk and
Dodds performed a study to predict size effects on
cleavage fracture toughness for several types of
specimens that loaded by traction or displace-
ment in which they obtained biaxiality ratios
from boundary collocation method (Kirk and
Dodds, 1993). Table 8 shows the biaxiality ratios
of SENB specimens loaded by traction, which
are different with the 8(@/W) shown in Eq.
(14) . Therefore, after determining the new biaxi-
ality ratios for traction, a series of elastic finite
element analyses have been performed by ap-
plying new loads to recalculate the 7 -stresses
for both shallow and standard cracked SENB
specimens. The 7T -stresses which have been de-
termined from ABAQUS directly and Eq. (14)
combined with the B values from Table 8 are
almost same.

4.5 ()-parameter calculation

The full field solutions for both shallow and
standard cracked SENB specimens were obtain-
ed from a series of elastic-plastic finite element
analyses adopting incremental plasticity option.
The geometries of model were same with the
elastic 7 -stress analyses model except for the
blunted region, and in which displacement-con-
trolled analyses were carried out.

Figures 7 and 8 show the relationship between
non-dimensional stress (6,y/0o) and non-dimen-

Fig. 7 0w/ 00— 700/ J curves of shallow cracked
specimen at —20C

5.0
—&—~ = 3638 kAN/'m ——J=95.15 kNim
- A= J = 131.10 kNim - -~ - J = 263.16 ANim
4.0 ~e--SSY
o
e
30 -
G4
\biﬁ
b b4
20 7 7
Increasing
Load / Def.
1.0
0.0 s ) ) !
0.0 1.0 20 3.0 4.0 a0
rolJ

Fig. 8 0yy/ 00— 700/ curves of standard cracked
specimen at —20C

sional distance {70o/J) according to increasing
load. Using these data and Eq. (7), the Q-para-
meters were determined in the region of 1< g,/
J <5. The results will be discussed in Chapter 5.

4.6 g-parameter calculation

The full field solutions for both shallow and
standard cracked SENB specimens were obtain-
ed from a series of elastic-plastic finite element
analyses. The model geometries were same with
the @-parameter analyses and displacement-con-
trolled analyses were carried out also.
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2.8
C J=1L8EANVIM O J=37.83 kNim
A& J=T1683kNIm T J=16120 kNim
O J=265.18kNim ¥ J=367.38 KNim
15 S
N .
&
) % .
X B 't
o ) a
o & &
o
[a]
0.0 i 1 1 1.
0.0 2.9 4.0 6.0 8.0 10.0
r (mm)

Fig. 9 g-v curves of shallow cracked specimen at

—20C
2.0
S~ 3638 kN/m J= 95,15 kNim
J = 13110 ANim J = 263.16 kNfmt
15
EUR ¥ S
1
23
0.5
B 3
e i
0.0 . . . :
0.0 10 20 30 4.0 50

r (mnm)

Fig. 10 -7 curves of standard cracked specimen at
—-20C

The g-parameters were determined from finite
element analyses data and Eq. (10) in the region
of 1<rge/J<5. Figures 9 and 10 show the g-
parameters at 70,/J=2 along the distance from
the crack tip. The g-parameters were decreased at
vicinity of the crack tip and increased after some
distance from the crack tip.

5. Constraint Effect Evaluation

5.1 J-T analysis

Two types of /- T analyses have been perform-
ed based on the modified boundary layer solu-
tions ; in the first analyses all the non-dimen-
sional stresses dependent on varying applied
loads were used which is a general approach, in
the second analyses just the mean values of non-

4.0

b
b?:
(a) At-20C
40
5
oF
40
sk / M\ !
/@\\ h(f E \ wwwwww
8.l /Shallow N\ _ Standard
o [/ Crack A . Crack
[\ N } ' rapl=2
25 \ e B 3 / ‘ L oreld=S§
\ 4 - - HRR_2
> // --=--HRR_S
20— i L
-0 0.0 10
T/o-o
(c) At-60C
Fig. 11 ¢,/ 00— T /0o curves from varying loads of
MBLF

dimensional stresses were used. Figure [1 shows
the non-dimensional stresses against non-dimen-
sional T -stresses at #dp/J=2 and 5 according
to varying applied loads. Fig. 12 shows the
comparison of the non-dimensional parameters
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4.0
EX]S —_ . m o
o
/ /—\ s N._" _“Standard
° / 6 Crack
Sy,
b k Shallow ) U 20T
\ Crack 40T
6 ° 0T
25 --s--HRR (20 T) [
HRR (40 )
> HRR({-60 T)
2.0 i { !
-1.0 -0.% 0.0 0.5 1.0
Tlo

[}
Fig. 12 Comparison of 0,/ 06— T/ 0y curves at 700/
J =2 from varying loads of MBLF

4.0

"~ Standard
Crack

4]

W

< ", Shaliow [ TR
~..- Crack -6 T
g -60 T
= o - ~1 - HRR (-20 T)
HRR (-40 T)
HRR (-60 T)

AN

g /o

2.0 ! s L
-6 0.5 0.0 9.5 Lo

Tio,

Fig. 13 Comparison of g,/ do— T/ 0 curves at rdo/
J =2 from mean values of MBLF

at roy/J =2 according to varying loads to check
the temperature effects. Also, the mean values
of non-dimensional stresses against non-dimen-
sional T -stresses at #0p/J=2 were presented
in Fig. 13. As shown in the Figs. 12 and 13,
even though there were no significant influences
of temperatures, the non-dimensional stresses of
shallow cracked specimens were strongly depen-
dent on load increments while the ones of stand-
ard cracked specimens were weakly influenced by
the loads. On the other hand, Fig. 14 shows the
distribution of von Mises stresses at -20C in
which shape and size of crack tip stress fields were
varied with decreasing T -stress, i.e., showed the
loss of constraint behavior. Similar trends were
also observed at —40°C and —60C.
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T=287.7MPa
p=0.485
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Plastic Zone Height
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(b) T/0cv=0 condition

Shallow Crack
=-497 5MPa
=-0.381

=57 81kN/m

J

Plastic Zone Height

(¢) T/oo=—0.757 condition
Fig. 14 Distribution of von Mises stress from var-
ying T -stresses at —20C

J-T analyses have been carried out based on
the full field solutions. For the analyses, the
T -stresses determined by ABAQUS with the A
values from Table 8 were used since, as men-
tioned in Chapter 4, the two T -stresses deter-
mined by ABAQUS and Eq. (14) combined with
the B values from Table 8 were almost same.
The non-dimensional stresses against non-di-
mensional T -stresses at #gp/J=2 from the full
field solutions with the modified boundary layer
solutions were compared. As the applied load
increases, the full field solutions were depart
from the modified boundary
such as at T/go=—0.5 for the shallow cracked
specimens and at T/6o=0.3 for the standard
cracked specimen. The reason was considered
that the elastic solution, upon which the 7T-
stress is based, is an asymptotic condition which

layer solutions

is increasingly violated as plastic flow progresses
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beyond well-contained yielding (O’Dowd and
Shih, 1991). The plastic flow under LSY relieves
stresses at the crack tip and drops them below
the modified boundary layer solutions. In addi-
tion, it was anticipated that the zero-load condi-
tion for all the SENB specimens would occur at
T=0 and o6yy/ co=3.3. However, the correspon-
ding results near this initial point could not
obtained since mesh refinement limits the ability
to accurately resolve near the crack tip stresses
below a certain load (Kirk and Dodds, 1993).

52 J-@ analysis

Three types of J~@) analyses have been per-
formed ; the first one was using displacement-
controlled full field solution with HRR solution,
the second one was using displacement-control-
led full field solution with boundary layer solu-
tion and the last one was using load-controlled
full field solution with boundary layer solution.
As the representative one, Fig. 15 shows J-Q
analyses results based on the HRR solution in
which the @Q-parameters were compared with
J-integral as well as non-dimensional distances
such as log(J/(boo)} and J/{ace).

As shown in the figure and the omitted res-
ults based on the boundary layer solutions, in
general, both the shallow and standard cracked
SENB specimens exhibit loss of constraint in
accordance with the increasing load. The levels of
loss of constraints were higher for shallow crack-
ed specimens than standard cracked specimens
while the effect of temperature was not severe.
The J-Q analyses results based on the HRR
solution and boundary layer solution showed
similar trends each other even though the levels of
loss of constraint were higher when adopting the
HRR solution. Also, the J-@Q analyses results
based on load-controlled full field solution
showed similar trends even though somewhat dif-
ferent behavior in the level of constraint were
observed when comparing with the two displace-
ment-controlled analyses results.

53 ¢- relationship
The -parameters obtained in section 5.2
using tangential stress can be determined also
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Fig. 15 Curves based on displacement-controlled
FFS combined with HRR solution

using hydrostatic stress. For the g- and @~
parameters correlation based on Egq. (11), the
reference von Mises stress and hydrostatic str-
esses were calculated previously. A series of finite
element analyses were carried out and, as a res-
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Table 9 Variables of Eq. (11) for A533B ferritic steel
Temperature (*C) (Om) rer» MPa (Ge) rer, MPa m c
-20 1698.4 699.0 0.9400 2.4299
—40 1731.3 711.2 0.9392 2.4342
—60 1762.7 722.6 0.9383 2.4394
1.0 03
Shallow Crack  Standard Crack  Equation
5 r=.200C = T=.20C --e--7=-207C 00
0.8 fod T=-40T s T=407T T=-40 TH ! -
=60 T T=-60 T T=60T /—\\/ P a?/
03 N LS R -]
0.6 / Q,/ Standard
- . o 06 . Crack
T, &
04} T \ /
¥ 0.9
. ¢ Shallow
T e, o T=-20C
02k - 12 Crack o T=-40T
& T=-60T
0“31_5 . |‘.(j _()l_s 010 0.5 ! .s-l 0 -0.5 0.0 0.5 1.0
Q Tie,
Fig. 16 ¢-Q relationship using tangential stress Fig. 17 Q- T/0oo curves using T -stress from MBLF

ult, corresponding variables have been derived.
Table 9 summarizes the distribution of reference
stresses for AS33B ferritic steel.

In order to verify the applicability of Eq.
(11), the g-Q relationships using both tangenti-
al and hydrostatic stresses were checked based
on variables in Table 9. As shown in Fig. 16, as
the one using the tangential stress at »gy/J =2,
good results were obtained as ¢-@ relation-
ships. Also, there were little differences of the
two types of stresses used for the @-parameter
calculation.

54 Q-T relationship

For @Q-parameter and 7 -stress correlation,
the @-parameters from the elastic-plastic load-
controlled full field solutions were utilized com-
bined with the elastic 7 -stresses obtained from
both the modified boundary layer solutions and
full field solutions. In case of utilizing the 7T~
stress from modified boundary layer solutions,
the @-T relationships were determined based
on curve fitted /-7 equations. Figure 17 shows
the relationships between {)-parameters and non-
dimensional T -stresses for shallow and standard
cracked specimens. As shown in the figure, under

limited J-integral ranges, it seems possible to
derive a unified relationship. In case of utilizing
elastic full field solutions, the T -stresses that
determined by ABAQUS with the B values from
Table 8 were used. However, similar to the previ-
ous J-T analyses results, the standard cracked
SENB specimens exhibit different behaviors to
the corresponding modified boundary layer solu-
tion and it can not possible to derive an unified
relationship.

O’Dowd and Shih have performed various an-
alyses based on a small strain J, flow theory.
In these analyses they proposed a -7 rela-
tionship as a following polynomial expression
(O’Dowd and Shih, 1992).

2 3
o=a(L)+a(LY+a(L) 0y
where, a1, a; and as are least square fitting con-
stants and which values are listed in Table 10 for
several n values.

In order to check the validity and applicabi-
lity of Eq. (15) and corresponding constants,
the actual ¢ values and the predicted ones by
the 7 -stress with ASTM limit (25]/0s) for
valid J,c test are compared. For shallow crack-
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Table 10 Fitting constants for Q- T relationship (O’
Dowd and Shih, 1992)

n a1 az as

3 0.6438 —0.1864 —0.0448
5 0.7639 —0.3219 —0.0906
10 0.7594 —0.5221 0.0
20 0.7438 —0.6673 0.1078
0 0.6567 —0.8820 0.3275

ed specimen, 7 -stress estimates the stress triaxi-
ality reasonably at low loading condition and
deviate according to the load increment. The
reason of deviation is considered that the 7°-
stress loses its meaning for LSY. Under this
condition, the crack tip stresses and strains are
no longer increase in proportion to one another
with amplitude governed by J alone. At these
high deformation levels, equivalence of [-inte-
grals between different cracked geometries does
not insure identical crack tip stress and strain
fields (Kirk and Dodds, 1993). However, for
standard cracked specimen, Eq. (15) fails to pre-
dict the stress triaxiality even though at low
loading condition.

Nevertheless the promising previous results
(Betegon and Hancock, 1991; O’Dowd and
Shih, 1992), according to the above evaluations,
the @-T relationship seems not have general
applicability since the T-stress is defined from
asymptotic elastic solution which is increasingly
violated as plastic flow progresses beyond well-
contained yielding. Therefore, based on the limit-
ed analyses results on this report, the application
of Q- T relationship is not recommended.

6. Cleavage Fracture
Toughness Locus

6.1 Crack size effect

In order to examine the crack size effects, the
modified boundary layer analyses results have
been synthesized with the HRR and boundary
layer solutions, i.e., 7°=0 condition. Fig. 18
shows the variation of non-dimensional stresses
along non-dimensional distances for both shal-
low and standard cracked specimens at —20°C.

50

.
b Shallow - /
o Crack .
2.0
—s— HRR
o Tla=0.44
10 - Tig=000 |
~ Tla=-0.76
0.0 1 i L N
0.0 1.0 2.0 3.0 4.0 S0
ra;)/J

Fig. 18 Variation of non-dimensional stress due to
T -~stress at —20°C

The non-dimensional stresses with a positive
T -stress were somewhat increased with defor-
mation until the data closely approximate to the
HRR solutions. The non-dimensional stresses
with a negative 7 -stress were initially close to
the 7=0 condition but significantly decreased
with deformation. Therefore, in case of negative
T -stress, i.e., for shallow cracked specimen, it
will be necessary to consider the loss of con-
straint effects when performing structural inte-
grity evaluation. Also, similar trends were ob-
served at —40C and —60C.

Figures 19 and 20 show the variation of full
field non-dimensional stresses along non-dimen-
sional distances at —60°C for shallow and stand-
ard cracked specimens respectively. As shown in
the figures, two types of specimens behaved dif-
ferent manners due to different constraint condi-
tions. For shallow cracked specimen, even at the
low loading conditions, the non-dimensional
stresses fell significantly below the HRR and
boundary layer solutions. Meanwhile, for stand-
ard cracked specimen, the non-dimensional str-
esses at low loading conditions were similar to
the boundary layer solution and fell below ac-
cording to load increment. Similar trends were
observed at —20°C and —40C.

6.2 Temperature effect

As shown in Fig. I, the stress—strain curves of
AS533B ferritic steel vary with test temperatures.
The stress-strain curves and yield strengths were
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higher at lower temperatures and these differ-
ences brought on different tangential stresses di-
rectly ahead of the crack tip and J-integrals.
However, after normalizing with corresponding
yield strengths, the differences were vanished
and thereafter unique results have been derived.
Therefore, numerical analyses point of view, it
seems that there are little effect of test tempera-
tures.

6.3 Cleavage fracture toughness locus

The constraint effect evaluation results provide
the quantitative framework to characterize a ma-
terial’s fracture resistance for different crack tip

stress triaxialities. The numerical analyses results
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Fig. 21 Cleavage fracture toughness locus based on
@-parameter of A533B ferritic steel

500
400 | . )
- Ductilﬁe_m‘
/ -Fricture
—
E | .
-
F-4
-
S’
N 200} ;
o] b
Cleavage
100 : . o
F:ractu,:e : v Shallow Crack
o . Standard Crack
[y L n ¢ 1
0.0 6.2 0.4 0.6 0.8 1.0

Fig. 22 Cleavage fracture toughness locus based on
g-parameter of A533B ferritic steel

combined with the minimum and maximum cri-
tical fracture toughnesses from experiments can
be utilized in engineering application. The J.-@Q
curve of A533B ferritic steel, which represents
insignificant effects of temperature. Thereby, a
cleavage fracture toughness locus based on §-
parameter has been obtained in Fig. 21 using all
temperature range data. The cleavage fracture
toughness locus was divided by two distinct seg-
ments since measured toughness values exhibit-
ed large scatter and which can be used to define
bands for brittle failure.

As discussed in Chapter 5.3, the g- and §-
parameters have good relationship over full tem-
perature ranges. Based on these relationships,
ie, using Eq. (I11) and Table 9, J.-g curve of
A533B ferritic steel has been determined. Since
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this figure shows also insignificant effects of
temperature like J.~@ curve, a cleavage fracture
toughness locus based on g-parameter has been
obtained in Fig. 22 using all temperature range
data.

In addition, the current cleavage fracture tough-
ness loci that obtained from SENB specimens
only can be elaborate by incorporating other
geometries and loading conditions. The cleavage
fracture toughness locus based on 7T -stress is not
illustrated since the 7T -stress solution was in-
creasingly violated as plastic flow progresses be-
yond well-contained yielding.

7. Conclusion

In this paper, for A533B ferritic steel, effects
of different crack size (shallow and standard
crack size) and temperature (—20, —40 and
—60°C) were evaluated using 3-point SENB
specimens through a series of finite element an-
alyses, tensile tests and fracture toughness tests.
The T -stress, {-parameter, g-parameter as well
as the traditional K and J-integral were deter-
mined and thereby mutual relationships have
been investigated. The key methods, results and
findings are as follows :

(1) The reference SSY solutions [ {6:;) ssy,7+0]
from boundary layer formulations as well as
HRR solutions [ (0:;) ure] from HRR singularity
and Ramberg-Osgood parameters were obtained.
In general, the SSY solutions are slightly lower
than the HRR solutions since it considered the
actual stress-strain relationships.

(2) J-T analyses results based on the modified
boundary layer solutions showed crack size de-
pendent trends while there were little dependence
on temperatures. Regarding the full field /-7
analyses, as the applied load increases, the solu-
tions were depart from the modified boundary
layer solutions such as at T/6y=—0.5 for the
shallow cracked specimens and at 7/6p=0.3
for the standard cracked specimen. The reason
was due to a plastic flow under large scale yield-
ing that relieves stresses at the crack tip and
drops them below the modified boundary layer

Yoon-Suk Chang, Young-Jin Kim and Ludwig Stumpfrock

solutions.

(3) J-Q analyses have been performed. In
general, both the shallow and standard cracked
SENB specimens exhibit loss of constraint ac-
cording to the increasing loads. J-¢) fields exist-
ed over the entire range of plastic yielding. The
levels of loss of constraints were higher for shal-
low cracked specimens while the effect of temper-
ature was not severe.

(4) There was good relationship between -
parameter and g-parameter. Therefore, if know
the one of the two parameters, it is possible to
translate to the other parameter easily.

(5) Numerical analyses results combined with
the minimum and maximum fracture toughness
values from experiments were utilized for devel-
opment of the cleavage fracture toughness loci.
The [Jo-Q or Jeoq curves can be utilized for
engineering application considering the con-
straint effects conveniently.
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