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ABSTRACT
The objective of this work is to compare the constraint of SE(B) and C(T) specimens having
the same ligament size. This study is a support for the use of miniature C(T) specimen and to
better understand the différence observed between standard C(T) and PCCv.
Another field of appUcation is the correction of constraint for existing data sets that contain
few or any valid data.
It is found that miniature C(T) specimens are subject to a loss of constraint which is similar to
PCCv specimens.

KEYWORDS
Finite element calculations, three-dimension, PCCv, C(T), loss of constraint, fracture
toughness

1 Introduction
Fracture toughness testing in the transition regime was recently standardised within the
ASTM E1921-02 [1]. This standard proposes a procedure to analyse the test results of
standard specimens and to détermine the référence température, To, for ferritic steels in the
transition range.
The embrittlement of Reactor Pressure Vessel Steels (RPVS) could be usefuUy assessed
through the shift of the référence température ATQ instead of the current semi-empirical
methodology. In practice, standard one inch thick Compact Tension, IT-C(T), specimens can
be replaced with smaller fracture toughness specimens, such as the precracked Charpy V notch (PCCv) or miniature C(T) specimen. Indeed, irradiated RPVS are available in small
quantities and PCCv specimens and miniature C(T) can be reconstituted and/or machined
from broken surveillance Charpy specimens [2, 8].
The published literature shows that the PCCv specimen analysed using the ASTM E1921-02
standard generally shows a 5 to 15 °C lower référence température than the C(T) specimen.
Compared with the inherent scatter in the transition, this différence is small. However, it has
been systematically observed on many materials [3]: JSPS [4, 5], 22NiMoCr37 [5], JRQ [5,
6], 73W [5], KFY5 [6] and JFL[6]. The reason for this différence was investigated in a
previous report [7]. It was found that constraint loss is a plausible explanation for this
différence.
However little information is available on miniature C(T) specimens [8], which could also be
subject to the same loss of constraint effect.
The formulation and the level of constraint can be investigated using finite element
simulations. However, a simple 2-dimensional analysis of a PCCv specimen, assuming a
plane strain behaviour, is not an adequate model to accurately describe the actual 3dimensional geometry [9,10].
In order to develop a possible loss of constraint correction factor for small C(T) and to gain
confidence in the results presented in [7, 10], a study was performed at SCK«CEN. This work
was performed within Task 1.1.3 of the ELECTRABEL -SCK-CEN Convention 2002.
In this report, the finite element calculation of a mini C(T) specimen loaded up to 100 MPaVm
is performed and compared to former results obtained on 1T-C(T) and PCCv specimens.

2 F E model
To model acUial material behaviour, the incrémental theory of plasticity is used in
combination with an isotropic strain-hardening model based on the Von Mises criterion with a
uniaxial true stress versus true strain function described by a power law:

if (T < <J,YS
(1)
if

'YS

with

a>cr,YS

Eys = dys / E

(2)

The actual true stress versus true strain behaviour of metallic materials can generally be fitted
by a power law curve. Altematively, the strain-hardening exponent can be obtained from the
following équation (3), which can easily be solved with a non-linear itérative solver. This
expression was derived in [11] by sol ving the instabihty point and converting true stress to
engineering stress.
^ n^"
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This study is limited to one material, représentative of most unirradiated RPVS. It has a
hardening exponent n=0.1, a Young modulus E=207 GPa, a Poisson ratio v=0.3 and a yield
stress such that E /ays =500.
As most of valid fracture toughness tests on PCCv and C(T) specimens do not show any
ductile crack growth, the modelling of ductile crack growth by a complex node release
technique is not necessary.
8-node isoparametric hexahedral clements without reduced Gauss intégration are used.
Because of large geometry changes, the modified updated Lagrangian [12] procedure is used
to account for large strains and displacements. To avoid large mesh déformation and
overlapping at the crack tip, an initial blunted mesh is used. The initial crack tip radius is 10
fxm. The dimension of the smallest element located at the crack tip is typically one third of the
initial crack tip radius.
The specimen dimensions of the selected mini C(T) are: W=10 mm and B=5 mm. According
to A S T M terminology, the mini C(T) investigated in this study is the 0.2T-C(T). As ASTM
E1921-02 States that ao shall be 0.5W±0.05W, aAV=0.5 is selected for the present study. To
reduce computer time, only one fourth of the C(T) geometry was simulated (see Figure 1).
Symmetry conditions were imposed to the planes defined by the équations y=0 and z=0. The
machined notehes for precracking and for clip gauge attachment are not modelled, as this will
not affect the results. Only the non-side grooved geometry is investigated in this study.

Figure 1 C(T) specimen loaded in tension. Only onefourth ofthe geometry is simulated.
Load is applied through contact conditions between the specimen and the loading pin. The
introduction of these conditions in a finite element model is rather complex and introducés
additional highly non-linear équations.
To simplify the problem, the contact is simulated by fixing the displacement in the Y
direction on the nodes located in the centre of the hole. Elastic pentahedrons with the same
Young modulus and Poisson ratio as the specimens are used to improve the load distribution
on the contact areas (see Figure 1).
To model the geometry, it is simple to use a regular mesh, which is straightforward to
generate. However, this would require a very long computer time for a given accuracy. The
preferred strategy is to use a fine meshing in deformed régions and a coarse mesh in régions
that are less deformed. The mesh density is selected according to the expérience gained with
finite element calculation of the PCCv specimen loaded in three point bending [13]. The mesh
contains 5120 éléments and 6184 nodes and is depicted in Figure 2.

Figure 2 Meshing of a 0.2T-C(T) specimen without side-grooves.
The finite element code used, SYS WORLD, is a standard commercial code developed by the
ESI group [12]. The algorithm for the matrix inversion uses an itérative method to reduce the
size of the required memory. The resolution of non-linear équations is performed using the
BFGS^ algorithm. The number of load incréments is typically 50.
The machine used for this project is a standard PC running under Windows XP. The central
process unit (CPU) time per load incrément is 186 sec. The total exécution time is higher than
the indicated CPU time becausé the management of the operating system and the pre- and
post-processing time are not taken into account.

3 Finite element results
The load versus crack mouth opening displacement (CMOD) diagram is given in Figure 3.
The initial crack mouth opening or gauge length is taken equal to 0.548 mm. The CMOD is
equivalent to the load line displacement (LLD) for a Ç(T) specimen. Figure 3 shows a typical
non-linear behaviour.
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Figure 3 Load versus CMOD (LLD)for a 0.2T-C(T) specimen loaded to 117MPa4n.
The constraint of the 0.2T-C(T) specimen is now compared to the constraint of a 1T-C(T)
specimen. When no loss of constraint correction is taken into account, the référence
température for a 0.2T-C(T) specimen is obtained as:
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where T is the test température, Kine<i,iT is the médian fracture scaled to one inch:
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where Kmed is the médian fracture toughness of the 0.2T-C(T) specimens, B the original
specimen thickness (according to the standard the net thickness B N should not be used) and
B I T a référence length of one inch. In this case B=5mm and BiT=25.4mm.
To take loss of constraint into account, a simple model proposed by Anderson and Dodds [14]
and developed in [11] is used. The référence température is obtained using:
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where Kmed,iT,o.2T-C(T) is the médian fracture of the 0.2T-C(T) specimens corrected for size
and loss of constraint tó an equivalent IT-C(T) specimen:

A).2T-c(r) -B

K med,lT,O.ZT-C(T)

(7)

(D
with
A= ^ V ( a , )

(8)

where V(ai) is the volume over which the maximum principal stress is equal or greater than a
certain value (Ti.
The dimensionless area, A, is given in Figure 4 as a function of the principal stress. This
dimensionless area is obtained by finite element calculations on five different configurations,
SS Y plane strain, SS Y plane stress, PCCv, IT-C(T) and 0.2T-C(T). SS Y refers to the Small
Scale Yielding solution, which is a 2D solution of a small plastic zone embedded in a large
elastic zone [11].
SSY plaine strain
SS Y plane stress
ITCCI) lOOMPaVm
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Figure 4 Dimensionless area, A, for which the maximum principal stress is above a given
value (Tl.
It is now possible to evaluate the loss of constraint through:
AT

— TQJ^

C(T)

'^O,C(T)

(9)

AT is given in Figure 5 as a function of Kmed andCTI.The geometry studied is the non-side
grooved 0.2T-C(T) and the référence solution is the non-side grooved 1T-C(T) geometry.
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Figure 5 Loss of constraint in terms of référence température as afunction of the médian
fracture toughness normalised to IT and for different critical stresses.

4 Discussion
The constraint of a 0.2T-C(T) geometry can be discussed based on Figure 4. Up to 54
MPaVm, no constraint différence is observed between IT-C(T) and 0.2T-C(T). It is clear that
at a relatively low load, 1T-C(T) and 0.2T-C(T) specimens are closer to plane strain than to
plane stress. As already found in [7], the constraint just ahead of the crack tip at (yi/GYs=3.5 is
even higher than the plane strain SS Y solution.
Figure 4 cïearly shows a loss of constraint in function of the loading level for the 0.2T-C(T)
and PCCv geometry. This loss of constraint is strongly dépendent on the maximum principal
stress considered or equivalently to the considered distance. Consequently, the scaling results,
illustrated in Figure 5, dépend on the maximum principal stress level considered. This means
that a better description of the failure m'echanism such as the BEREMIN model [15], would
be required to further détermine the effect of loss of constraint. In a recent work, Ruggieri et
al. [16] demonstrated the non-uniqueness of the (m, au) parameters of the BEREMIN model.
They found a strong sensitivity of corrected Jc-value on parameter m. This means that the
constraint correction is a function of the failure mechanism. It should be noted that for the
Cracked Round Bar, (CRB), geometry, the loss of constraint correction was found to be
nearly independent of the maximum stress considered [11]. Taking a plausible stress contour
of 3 tinies (Tys, it is found that 0.2T-C(T) specimens tested at the same température as
1T-C(T) specimens should lead to about 10 to 15 °C lower référence températures.
The constraint of the PCCv and the 0.2T-C(T) loaded to 117MPaVm is practically equivalent.
Therefore, it is expected that 0.2T-C(T) will lead to the same référence température bias than
PCCv. Up to now only very Umited expérimental data is generated on the 0.2T-C(T)
specimen. However, the data available in [8] support that a bias exist for 0.2T-C(T).
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CONCLUSIONS
Three-dimensional finite element calculations were performed on non side-grooved mini C(T)
specimens for aAV=0.5, B=5 mm and W=10 mm. The loss of constraint assessment is
addressed in this report.
The main outcomes of this investigation are:
•
•
•
•

1T-C(T), 0.2T-C(T) and PCCv specimens display a plane strain behaviour at low load
levels.
For load levels up to 54 MPaVm practically no constraint différence between 0.2T-C(T)
and 1T-C(T) is observed.
For a 0.2T-C(T) loaded above 54 MPaVm, which correspond to MC(T)=146, the constraint
decreases as compared with 1T-C(T).
The model used predicts a référence température about 10 to 15 °C lower for a 0.2T-C(T)
specimen as compared to a 1T-C(T) specimen. The limited expérimental data found in the
Hterature support this important resuit. However, it is recommended to perform additional
expérimental work on the miniature C(T) specimen.
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