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ABSTRACT - Recent advances highlight the loss of J-dominance in low constraint geometries
and the importance of using two parameter theories, namely J-T and J-Q to characterise near
crack tip stress states of crack geometries. In this paper, the behaviour of Q-value as constraint
parameter is investigated using 2D finite element models of center cracked panel, three point
bend bar and compact tension specimen geometries. It is identified that Q-parameter can be used
along with the J-integral to fully characterise the crack-tip stress state. It is independent of
distance over the range of J/ao to 5J/oy for low constraint geometries. For a given material, there
exists a unique linear relationship between triaxiality factor (h) and Q-value for low constraint
geometries.

INTRODUCTION

Crack initiation and stable crack growth in ductile materials are usually described by J-R
curves obtained from standard fracture specimens. The original idea was that a single parameter,
J-integral can be used to characierise the crack tip stress field and one unique fracture resistance
curve is sufficient to characterise the material. However, there is growing evidence showing that
the J-R curve depends on specimen size, geometry and loading mode. Therefore, the
transferability of specimen J-R curve to component level is an unresolved issue that currently
receives a lot of attention among researchers. The influence of crack tip constraint or stress
triaxiality on ductile fracture has been emphasised recently in explaining the geometry dependent
fracture resistance of specimens and structures to ductile tearing [1,2]. Generally, the standard
laboratory specimens are high constraint geometries. However, the real structures may be low
constraint geometries. Hence, use of toughness properties from high constraint geometries to
low constraint geometries introduces a large degree of conservatism in the design. On the other
hand, the application of toughness properties from low constraint specimen geometries to the
structural applications with high constraint crack geometries leads the design unsafe.

Recent advances highlight J-Q theory [3] to characterise the near crack tip stress states of
yielded crack geometries. In this theory, the J-integral is retained as a measure of the crack-tip
deformation state, while the second parameter ‘Q’ is added to quantify the crack tip constraint.
As per this theory, the laboratory specimen must match the constraint of the component i.e. two




geometries must have the same Q-value at failure in order to have the same J, values. The
nondimensional parameter ‘Q’ is defined as,

Q = [00- (Soker ¥ o6 at 0 =0°-90%, =21/ o, (1)

where, r and 6 are polar co-ordinates situated at the crack-tip. ogs is the existing stress
field ahead of the crack-tip of the actual geometry, (Gen)er is the reference solution obtained
from the standard plane strain small scale yielding solution (s )ssv =0 -

A negative (positive) Q-value means that the hydrostatic stress is lower (higher) than the
reference field (Q = 0 state). Geometries with negative Q-value show low stress triaxiality ahead
of the crack tip and loss of J-dominance, while geometries with Q>0 show high triaxiality ahead
of crack tip and good agreement with the HRR[4,5] or SSY fields. Thus, the Q-value provides a
framewaork for quantifying the determination of constraint as plastic flow progresses from small
scale yielding to fully yielded conditions [3].

In this paper, the characteristics of Q-value are studied using two dimensional elastic-
plastic finite element models of finite width specimens. The specimens studied are Centre
Cracked Panel (CCP),Three point bend bar (TPBB) and Compact Tension specimen (CT) for a
range of a/w ratios and strain hardening exponents (n). The analysis has also been carried out
for Indian PHWR PHT (Primary Heat Transport) piping material. The main aim of this paper is
to study the characteristics of the Q-value as a constraint indexing parameter, and its relationship
with the triaxiality factor (h). These data will be used in transferring the laboratory specimen J-R
curve to the component level considering the crack-tip constraint. The components of interest
here include cracked straight pipe and elbow of the primary heat transport system of nuclear
power plants.

FINITE ELEMENT ANALYSIS

Two dimensional plane strain finite element analyses are conducted to obtain very
detailed resolution of the crack tip stress fields for the modified boundary tayer (MBL) model
and CCP, TPBB ,CT geometrics. The numerical models employ conventional small strain
theory . The finite element program, ABAQUS [ 6 ] is used to analyse the finite element models
presented in this paper. The remainder of this section outlines the details of the models
beginning with those aspects common to MBL, CCP,TPBB and CT analyses.

Material Parameters
The material model employs J, deformation plasticity theory. The uniaxial stress-strain
curve follows Ramberg-Osgood form

g/gp = olop + o (olog) " (2

where, £ is the true strain, ¢ is the true stress, oy is yield stress, gy = oy/E, E is Young’s
modulus, o is the Ramberg-Osgood coefficient and n is the strain hardening exponent.

Different strain hardening exponents, n=3,5,10&20 are chosen which cover the range of
steels from high strain hardening to ideal plastic materjals. The parameter o is assigned a value
of ‘1” for a piecewise power-law material. The other properties typical of those for a moderate
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strength steel are adopted in the computation (g=1/500, a=400MPa, and v=0.3). The analysis
has also been carried out for Indian PHWR PHT piping material (SA 333 Gr6). The material
properties at the temperature of 250°C [7] are as follows. 0g=240MPa, E=188GPa, n=3.273 and
a = 8.1505.

The Modified Boundary Layer Model

The reference field in Eq.(1} is computed by means of a standard boundary layer solution
mentioned earlier. For this purpose, a focused mesh (half circular) having outer boundary radius
‘R’ is used. On the boundary of this model displacements cotresponding to elastic solution are
applied. This analysis is referred as Modified Boundary Layer (MBL) analysis, which simulates
near-tip conditions in an arbitrary geometry provided plasticity is well contained within the
boundary. These models each contain 1200 elements and 3741 nodes. Eight noded
isoparametric quadrilateral elements are used throughout. Reduced integration is employed in
the analysis. These models had 30 elements in the circumferential and 40 elements in radial
direction, respectively. The model is loaded by imposing displacement increments of the elastic
singular field for mode I on the outer circular boundary.,

AU(r,0)=(1+W)AK, (1/2m)**(3-4v-cos ) Cos(6/2YE &)
AV(r,0)=(1+v)AK, (r/2m)"3(3-4v-cos 6) Sin (B/2)/E (4)

SSY solutions are enforced by not allowing the plastic zone size beyond 0.01R.
Reference stresses have been calculated at a distance of cJ/og (c=1,2,3,4,5) ahead of crack-tip at
different circumferential positions (8 = 0% — 90°} around the crack tip.

Numerical Modelling of Specimens

Fig.(1) shows schematic drawings of typical CCP,TPBB and CT specimens used in the
current study. Due to symmetry in both geometry and loading conditions , only 1/4™ of the CCP,
half of TPBB and half of CT are modelled. Different finite element models are constructed for
each of a/w ratios investigated. Eight noded plane strain isoparametric quadrilateral elements
have been used. Reduced (2x2) Gaussian integration is used to eliminate locking of arbitrarily
shaped elements. A half circular core of elements surrounding the crack tip is common to all
models. This core consists of 20 elements in circumferential direction and 30 elements in radial
direction. A typical finite element mesh showing a close up zone at the crack front region is
given in Fig.(2). Each mesh consists of 3308 nodes and 1047 elements.

RESULTS AND DISCUSSION

A large number (60) of analyses were conducted. However, a small portion of the results
have been presenied here. Some key results are shown in Figs.3-7. All the Q-values, triaxiality
factor are evaluated at 6=0° unless otherwise stated.

Figs.(3a&3b) show the variation of Q with increasing deformation level for shallow
(2/w=0.1) and deeply cracked (a/w=20.5) geometries for Indian PHWR PHT piping material
respectively, The deformation level (J/gg) is normalised by crack length *a’ for a/w<0.5 and by
ligament length ‘b’ for a/w=0.5. It may be noted that the constraint loss is gradual with
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increasing deformation level irrespective of specimen geometry in the case of shallow cracked
geometries as is evident from Fig.3a. Q-values are negative for these geometries and these can
be treated as low constraint geometries. Referring to Fig.3b deeply cracked TPEB and CT
specimens stay close to the Q=0 state (high constraint geometry) to fairly high deformation
levels (J/(bog )~0.02) and thereafter decreases rapidly. However, the behaviour of deeply
cracked CCP is same as that of shallow cracked geometry. Referring to Figs.3a&3b, it is noted
that CT specimen maintains high crack tip constraint than the other two specimens for the same
a/w ratio. Whereas, CCP maintains low crack tip constraint than the other two specimens.

Figs.4a&4b show effect of strain hardening on Q for shallow cracked (a/w = 0.1) and deeply
cracked (a/w=0.5) CT geometries respectively, It may be noted that the effect of strain
hardening on *Q’ is significant on shallow cracked geometry which is a low constraint geometry.
In contrast, its effect is weak for deeply cracked geometry (high constraint geometry) as shown
in Fig.4b.

Figs.5a&5b shows variation of Q with distance. Q is evaluated at the distance of cl/cy
(c=1,2,3,4,5) ahead of crack tip. Referring to Fig.5a , it is observed that Q is independent of
distance at low load levels and has slight dependence on distance at high load levels in the case
of shallow cracked CT geometry. In contrast, it is dependent on distance in the case of deeply
cracked CT geometry at high load levels as is evident from Fig.5b. Fig.6a&6b shows the
variation of Q along circumferential direction for CT specimen. Q values are evaluated at a
distance of 2J/og from the crack-tip at 6=0%to 90°. Tt is noted that *QQ” value decreases with the
increase in ‘8’ for shallow cracked geometry as is evident from Fig.6a. Whereas, it is nearly
constant along circumferential direction for deeply cracked CT geometry (Fig,6b).

Fig.7 shows the variation of triaxiality factor, h with Q. The triaxiality factor *h’ can also
be used as constraint indexing parameter. It is defined as the ratio of hydrostatic or mean stress
(om) to the Mises equivalent stress (o). Both ‘h’ and ‘Q’ are evaluated at a distance of AL
from the crack-tip . It may be noted that the triaxiality factor decreases as Q decreases as is
evident from the Fig.7. For low constraint geometries, unique linear relationship can be obtained
for a given material, irrespective of crack depth. The following relationship has been obtained
for Indian PHWR PHT piping material (SA 333 Gr6).

h=3.44084 Q+4.36815 (5)
CONCLUSIONS

This study examined the characteristics of constraint indexing parameter, Q. Based on
the results it is identified that Q-value can be used to quantify the crack tip constraint. It is
observed that the crack tip constraint loss is gradual with increasing deformation levels in the
case of CCP geometries and shallow cracked TPBB and CT geometries. Q-values for these
geometries are increasingly negative with the deformation levels. Q-values stay close to zero for
deeply cracked TPBB&CT geometries and hence these can be treated as high constraint
geometries for which single parameter characterisation is valid. Q-values show slight
dependence on ‘1’ (J/op to 5J/cy ) at fully yielded solutions for low constraint geometries. Q-
value is nearly independent of ‘©° for high constraint geometries. It is found that for a given
material, there exists a unique linear relationship between triaxiality factor and ‘Q’ for low
constraint geometries,
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Fig.2 Finite Element Mesh showing details of Crack Tip region
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Fig.3 Variation of 'Q' with deformation level for SA333 Gr6 steel
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Fig.5 Variation of 'Q' with distance ahead of crack tip for SA333 Gr steel

V-239




0.25 0.25

T T T T T T T

T T T T T T T

= CTa/w=0.5
— Jl(acrn) 0.005 CT, afw=0.1 o
_ = a
—o— J(ac )=0.009 __ 200, 0
0.00} —s—J/(ac,}=0.027 j 000 e————&F—&8 g3 |
- g ————%
—o— J/(ag )=0.045 NSRS

—_— Jf(acru)=0.068

0251 -\\\‘ ] 0250 ]
=4

—=— J{bT,=0.006

\\\. o J/(bo 0014
0.50| \ | -0.501 7

—o— Ji(b3 )=0.021 ’

—o— J(bo,)=0.029
075 | Loy 1 t I Lo (.75 1 1 ! L 1 1 L
0 15 30 45 60 75 90 0 15 30 45 60 75 90
8 8
(a} (®)

Fig.6 Variation of 'Q' along circumferential direction(SA 333 Gr6)
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Fig.7 Variation of h with Q, for low constraint geometry
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