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ABSTRACT

The effect of thickness in fracture behaviour has been investigated experi-
mentally and through elastic-plastic finite element analyses on three— and
four—point Single Edge Notch Bend specimens. Special attention was paid to
the constraint at the crack tip, the distribution of the J—-integral and the
Crack Tip Opening Displacement along the crack front. The results of experi-
ments and of the stress analyses revealed there is an upper limit to the
size of the transition zone, in which the stress state along the crack front
develops from plane stress at the free surface to a triaxial stress state
with high constraint deeper in the specimen. This upper limit appears to be
6 mm for the thicknesses above 30 mm for a Fe 510 Nb steel at —-70 °C.
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INTRODUCTION

The thickness effect on fracture toughness mainly consists of the following
two components. One is based on the statistical distribution of zones of low
toughness in material and the other is related to the stress state in the
vicinity of the crack front (constraint at the crack front). Due to stress
concentration near the crack tip, the material near the crack tip tends to
contract perpendicularly to the major stress axis of loaded cracked struc-—
tures. However, the material is restrained by surrounding material due to
compatibility requirements. The restraint produces a triaxial stress state,
which increases the maximum principal stress at which yielding occurs.

To investigate the effect of thickness in fracture behaviour, we conducted

both experiments and two— and three—dimensional elastic—plastic finite
element (FE) analyses on three— and four-point Single Edge Notch Bend
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specimens (3SENB and 4SENB). The experimental results for comparison with
the FE results are reported by Van Rongen (1987). The thicknesses analysed
were B=30, 70 and 110 mm for the 4SENB specimen and B=30 mm for the 3SENB
specimen. The suitability of various global and local crack tip constraint
parameters was investigated for prediction of the observed thickness effect.

MATERIAL, GEOMETRY AND FINITE ELEMENT ANALYSIS

Both two—dimensional and three dimensional FE analyses were carried out on
3SENB and 4SENB specimens. The geometry and dimensions of the analysed
specimens are given in Figure 1. Because of symmetry only one quarter of the
specimens needed to be modelled.

200 mm
S = 0 mm (SENB3) w = 30 mm
60 mm (SENB4) a/lW =03
B = 30 mm (SENB3) Ls = 120 mm (SENB3)
30, 70 and 110 mmn (SENB4) 180 mm (SENB4)

Fig. 1. Geometry and dimensions of the analysed specimens

For all cases, the half thickness was modelled by three layers of elements;
for the 4SENB specimen with B=30 mm an additional analysis was performed
with five element layers over the half thickness to prove convergence. For
the latter case the FE mesh is given in Figure 2.

The layer thicknesses are given in Table 1. Convergence of the two—dimen-—
sional FE analysis was proved by carrying out analyses for several mesh
refinements of the overall mesh and size of the collapsed elements around
the crack tip, and by investigating the effect of the load step size and
convergence criterion. Finally in all the analyses the load was applied by
prescribing the load line displacement in equal steps of 0.1 mm.

In the three—dimensional case the overall mesh was modelled using 20-node
quadratic isoparametric brick elements with a 3 x 3 x 3 Gauss integration
scheme. Around the crack tip, these elements were collapsed to produce a 1/r
strain singularity around the crack tip, which is characteristic of a loaded
crack in the case of an elastic-perfectly-plastic material (Koers, 1988).

380

Table 1. Layer thickness of the FE mesh

Thickness Layer Specimen type
(mm) (mm) analysed
8 L1 1IL Iv \Y 3SENB 4SENB
30 0.5 1.0 1.5 3.0 9.0 - 4
30 1.1 3.5 10.4 X X
70 4.6 10.4 20.0 - x
110 4.6 15.4 35.0 - X
+ Free surface Mid-plane -+

Fig. 2. Finite element mesh for B=30 mm with 5 element layers

Standard and collapsed 8-node quadratic isoparametic plate elements with a 3
x 3 Gauss integration scheme were used for the plane strain and plane stress
analyses. For the FE analyses, the general-purpose FE program MARC

(MARC) was used with the following program options:

- Newton Raphson (tangent stiffness) numerical iteration procedure;

— Small strain theory;

- Incremental flow theory of plasticity with isotropic hardening.

The engineering stess—strain curve used in the analyses of the tested
material (Fe 510 Nb) at -70 °C, is given in Figure 3 (van Rongen, 1987).

Young’'s modulus and Poisson’s ratio are taken to be E = 215 GPa and
v = 0.28.

381



o [MPa]
700

600 -

500

400 H

3001+

200

100 -

0.00 0.04 0.08 0.12 0.16
el -1

Fig. 3. Engineering stress—strain curve, Fe 510 Nb, at -70 °c

J—INTEGRAL

Because of a number of numerical difficulties in calculating the J contour
integral®, the calculation in a three—dimensional cracked body is not
commonly based on the contour integral but on the concept of energy released
by a virtual crack extension (VCE). The VCE method was originally developed
by Hellen (1979) and (independently) by Parks (1974,1978) and was strongly
linked to the finite element description of the structure. Subsequently,
deLorenzi (1982) derived an alternative VCE formulation using an analytical
approach. A detailed description and comparison of both the contour integral
and the VCE method is given by Bakker (1984). In the analyses both the VCE
method of Parks and the one of delorenzi were used.

THE CRACK TIP OPENING DISPLACEMENT (CTOD)

For the 3SENB geometry, the definition of Figure 4 has been compared with
the definition of the British Standard 5762:1979 (BSI, 1979) The expression
of CTOD, &, in accordance with the BSI definition is given by:

k2124 0.4(W-a)V -

Sps1 ~ 204 E Y s b s KT u5 X

where P is the applied load, V_ the plastic component of the clip gauge
opening displacement, Y = 6.07 for a/W = 0.3, W the specimen width, B the
specimen thickness, a the crack length and z the distance of the clip gauge
location from the test specimen surface. In our analysis z = O.

1 Note that the term contour integral originates from two-dimensional appli-
cations, but that it is intended to cover both two— and three—dimensional
applications here. ;
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Fig. 4. Deformation of the crack tip, and definition of CTOD
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Fig. 5. Two—dimensional comparison of CTOD definitions, 3SENB
specimen

Fig. 6. Three—-dimensional comparison of CTOD definitions, 3SENB
specimen

A comparison of the CTOD calculated according to equation (1) and that of
Figure 4 is given in Figures 5 and 6 for the two- and three-dimensional
analysis, respectively. The definition of Figure 4 has been used in the
subsequent analyses.

RESULTS

Load versus lLoad-Line—-Displacement

The calculated load per unit thickness versus the load—line—displacement
(LLD) curves are presented in Figures 7 and 8 for the 4SENB and 3SENB
specimens, respectively. Besides the 3-D solutions, the plane strain and
plane stress solutions are also given. As could be expected, the behaviour
of the specimens becomes stiffer with increasing thickness. The analysis on
the 30 mm thick 4SENB specimen, with five element layers over the half
thickness, proved convergence of the analysis with three layers of elements.
The difference in load was less than 0.4 %.
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J—integral

In Figure 9 the J distribution of the 4SENB specimens along the crack front
is presented for LLD = 0.5, 1.0 and 1.5 mm. From this figure it appears that
at each load level the curves for B = 30, 70 and 110 mm almost coincide.
This means that the J distribution for a 4SENB specimen with thickness
between 30 mm and 110 mm can be derived from this figure. The thickness of
the transition zone from the free surface, where a state of plane stress
exists, to the central region, where a high triaxial stress exists with an
upper limit of constraint, does not depend on the thickness of the specimen
for B = 30 mm.

It was observed that the shape of the fatigue crack front was similar to the
J versus distance from the free surface graphs in that the crack growth,
retarded at the specimen surface, reached a peak Z mm from the free surface
and then gradually decreased towards the specimen mid-thickness, see Figure
10. The average values of Z were 5.9 mm for B = 30 mm and 6.5 mm for B = 70
and 110 mm. Note that at —70 °C the specimens with thickness B = 30 mm
failed by cleavage after some stable ductile crack growth, whilst for both
B = 70 and 110 mm they failed directly by cleavage.

The tested specimens were fatigue pre—cracked. When we assume that fatigue
crack growth is controlled by the sbsolute value (K) and fluctuation (aK) of
the stress intensity factor, the shape of the crack front is determined by
K. Therefore, it is reasonable to compare the shape of the crack front with
the distribution of J for small LLD. Although crack front curvature not has
been modelled, the agreement between the calculated transition zone and Z is
very good. For the 3SENB specimen the same tendencies of the J distribution
along the crack front were found. * » A

Fig. 10. Crack front for B = 30, 70 and 110 mm, 4SENB specimen
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Fig. 12. CTOD distribution along the crack front for 4SENB
specimen, B = 30 mm, three and five— element layers

Fig. 13. Distribution of ) along the crack front, LLD = 1,5 mm,
4SENB specimen

Crack Tip Opening Displacement (CTOD

The distributions of CTOD along the crack front for the 4SENB specimens are
presented in Figure 11 for LLD = 0.5, 1.0 and 1.5 mm. The trends found for J
were as expected to exist for the CTOD. The convergence of the FE mesh is
demonstrated by the good agreement of the CTOD results for B = 30 mm with 3
and 5 layers of elements (see Figure 12).

CONSTRAINT PARAMETERS

Both J and § are considered to be global fracture-characterizing parameters.
Since both parameters characterize the same phenomenon, there exists between
them a relation that is usually written in the following linear form:

J = Xoyé (2)

where X is a constant depending on the geometric condition of plane strain
or plane stress and the strain hardening of a material [10]. Since the
specimen thickness and the loading condition are the only variations in our
analyses, X is considered to be a parameter which might prescribe constraint
as a function of specimen thickness and loading condition. For the 4SENB
specimens with B = 30, 70 and 110 mn, the distribution of A along the crack
front has been plotted in Figure 13 for LLD = 1.5 mm.

Alternative constraint parameters can be calculated from the stresses and
strains locally around the crack tip. Here two parameters will be con-
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Fig. 14. Distribution of q along the crack front, LLD = 1.5 mm,
4SENB specimen

Fig. 15. Distribution of p along the crack front, LLD = 1.5 mm,
4SENB specimen

sidered. The first parameter calculated from the stresses was the ratio of
the mean (hydrostatic) stress, oy, to the von Mises stress, ”eq:

q =- am/aeq (3

This parameter has been calculated because it has been shown that q contri-
butes to the void growth rate [11]. The distribution of q near the ligament
(§ = 15° and R = 0.38, 1.38 and 6.03 mm) for the 4SENB specimens are given
in Figure 14, LLD = 1.5 mm. The same tendencies were found for the 3SENB
specimen.

The second stress—related parameter calculated was the ratio of the maximum
principal stress, oy, to the von Mises stress:

P = 01/9¢q 4)

This parameter has been calculated because o; should be taken into account
for cleavage fracture. The distribution of p near the ligament is given in
Figure 15, LLD = 1.5 mm. It can be observed that both p and q have in the
same way and the results of the thinner specimens B = 30 and 70 mm coincide
with that of B = 110 mm, corresponding the CTOD, J and A results. The p and
q results show a large fluctuation near the free surface.

This fluctuation originates from numerical procedures used to calculate the
stress components in spite of the fact that the von Mises yield criterion
was met. The equivalent von Mises stress curves are given in Figure 16.
Although this yield criterion was met each stress component gave fluctua—
tions as seen in Figures 14 and 15.
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Fig. 16. Von Mises stress distribution along the crack front,
LLD = 1.5 mm, 4SENB specimen

DISCUSSION

Near the'free surface of a through-thickness crack, where a plane stress
state exists, J and CTOD are low. In the centre a plateau value of J and
CTOD are reached, provided that the thickness is sufficiently large

(B > ?atz) to develop a triaxial stress state with sufficient constraint
The width ap, of the transition zone, where J and CTOD increase to the -
plateau value, is independent of thickness for the material studied. It is
expected, though, that ., increases with plasticity at the crack tip, i.e
with decreasing strain hardening and with decreasing constraint. o

Three different constraint parameters calculated to characterize the tri-—
axiality of the stress state at the crack tip (ratio of maximum principal
stress to von Mises stress, ratio of hydrostatic stress to von Mises stress
and ratio of J to the product of CTOD and yield stress) show the same qualiL
tative behaviour along the crack front.

No significant differences were found between the J, CTOD and constraint
parameters calculated for the 3SENB and 4SENB specimens. It was observed
from the experimental results, however, that the 4SENB specimens failed

earlier by cleavage than the 3SENB specimens.

From the load versus LLD curves it follows that for the thicker specimens
the whole specimen behaves as if it is in a plane strain condition. For the
thinner specimens the global behaviour is plane stress and the area with

high constraint is concentrated at the crack tip region near the mid-thick-
ness.

In th? analysis performed, the effect of thickness was investigated con—
sidering J, CTOD and different constraint parameters. Statistics—based
models to explain scatter and the effect of thickness in measuring fracture

toughness are given by Braam and Prij (1987), Slatcher (1986 Walli
Térrénen (1986) and Ehl et al. (1986). ( - Hatlin ond
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CONCLUSIONS

The observed decreasing fracture toughness with increasing thickness cannot
be explained by the geometrical effect of thickness on the state of stress

or other crack tip parameters. It may be explained, however, from the sta-—

tistics of the micromechanics of unstable brittle fracture initiation.

For the material studied the size of the transition zone from the plane
stress state at the specimen surface to a triaxial stress state with a high
constraint, appears to be = 6émm for B > 30 mm. This depth coincides
remarkably closely with the distance from the free surface to the point
where, for the specimens tested, the curved fatigue crack front changes to a
straight line.
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