USING A STANDARD SPECIMEN GEOMETRY FOR CRACK PROPAGATION
UNDER PLAIN STRAIN CONDITIONS
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ABSTRACT

This work is a preliminary approach to evaluate the possibility of using a conventional M(T) specimen with lateral
notches aiming at obtaining plane strain conditions required for certain type of phenomena concerning crack
propagation. This type of specimen geometry can be advantageous since it allows the use of moderate component
thicknesses with triaxial stress conditions in the most part of the crack propagation region.

Several computational simulations of fatigue cracks in an aluminium alloy were carried out by using commercial FEM
codes. The influence of different types of variables was considered, namely the geometry of the lateral notches
(circular or V shaped) and the thickness of the specimen. Stress intensity factor K was determined for several crack
front positions to evaluate the effect of these geometrical features, as well as the influence of both stress fields and
crack length in the fatigue behaviour of the material. Also, two stress triaxility parameters were used in order to
confirm the stress state condition in the crack propagation region.

The conclusions of this preliminary study are encouraging concerning the possibility of using a reduced thickness MT
specimen with a plane strain condition, which can be a useful experimental tool when considering the investigation of

particular crack propagation mechanisms, such as those related with high temperature conditions.
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1. INTRODUCTION

Stress state is a main independent parameter with a
notorious effect in fatigue crack growth under certain
types of loading and environmental conditions. As an
example, high temperature fatigue crack propagation in
some types of materials, such as nickel base
superalloys, is a complex phenomenon characterized by
different damage micromechanisms, namely cyclic
plastic deformation, oxidation and creep [1,2].
Depending on the conditions at the crack tip one of
these mechanisms may be dominant and the propagation
is either transgranular (cyclic plastic deformation),
intergranular (oxidation or creep) or mixed. Stress state
directly affects these distinct propagation modes: a
plane stress state was found to promote transgranular
propagation, whilst the triaxility associated to plane
strain state promote diffusion mechanisms associated
with time dependent propagation [3].

Plasticity induced crack closure (PICC) [4,5] is another
phenomenon which can be greatly influenced by the

stress state condition. There is a general agreement that
plane stress state induces significantly larger levels of
crack closure compared with those related to plane
strain loading conditions. However, the intensity and
even the existence of PICC under plane strain
conditions are still controversial. From a theoretical
point of view, the main problem is to visualise the
additional volume of material necessary to explain
PICC, since out-of plane flow is not allowed under
plane strain conditions, by definition. So, if a constant
volume during deformation is taken into account, the
assumption of an additional wedge is not reasonable
[6,7]. A significant number of numerical studies
focusing on PICC under plane strain conditions have
been developed. However, their validation through a
convenient experimental work is difficult due to the
inexistence of a pure plane strain specimen geometry.

In fact, for experimental fatigue testing purposes, plane
stress conditions are usually obtained by simply using
thin specimens based on standard geometries. BS 6835
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1988 [8] and ASTM 647-95a [9] indicate the use of CT,
MT and bending specimens. By the other hand, when
plane strain is intended to occur as a sole condition,
specimens are required to have increased thicknesses
which, in turn, does not eliminate possible surface
effects and leads to more complex and expensive testing
procedures. The inclusion of lateral notches on the
specimens is a possible solution to overcome these
limitations, allowing obtaining plane strain conditions
in relatively thin specimens, which will be explored
here.

Fatigue crack growth in specimens with lateral notches
and under different loading conditions has been widely
reported by several authors [10-15], but without aiming
at obtaining plain strain conditions in all the positions of
the crack front.

The analysis and optimization of pure plane strain
specimens requires numerical parameters to quantify
stress triaxiality. Several authors [16-20] used the
triaxility parameter ® as defined by Eq. (1):
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O is the ratio between the average hydrostatic stress and
equivalent Von Mises stresses, and oyy, oyy and o, are
the stresses along x, y and z directions, respectively.
Lemaitre [20] proposed another triaxility parameter
defined by Eq. (2):
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This triaxility parameter is based in the ratio of the
hydrostatic stress and equivalent Von Mises stresses,
and for practical engineering problems its value is
typically between O (pure shear) and 5 to 6 in the
vicinity of very sharp notches.

A third possible triaxility parameter 4 given by Eq. (3)
can be derived from the general equilibrium stress
equations for a cracked body:
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where v is the Poisson’s ratio. / has the values of 1 and
0 for plane strain and plane stresses, respectively.

The main objective of this paper is to propose plane
strain specimen geometry adequate for studies of high
temperature fatigue crack growth and plasticity crack
closure, among other phenomena. The effect of lateral
notches on stress triaxiality is studied for different
specimen geometries. Stable crack shapes are obtained
and used to come to closed-form solutions for stress
intensity factor.

2. NUMERICAL PROCEDURE

Fracture mechanics parameters and fatigue crack
propagation were obtained from different numerical
simulations based in two FEM codes: ABAQUS® v6.5
and ZENCRACK® v7.5. The first software was used to
create the physical model and to obtain the visualization
of the output parameters, whilst the latter was
specifically oriented to generate a proper finite element
mesh in the vicinity of the crack using pre-defined crack
blocks. Stress intensity factor K for different crack front
positions was also determined from ZENCRACK®
based on the relative displacements derived from an
orthogonal set of axes at each crack front node.

The geometry of the Middle-Tension, M(T), specimen
considered for the FEM analysis is presented in Figure
1. All simulations were based in the same general
dimensions of this specimen: 200x50x10mm
(lengthxwidthxthikness). The geometric features of the
lateral notches are indicated in Table 1.

Figure 1 — Geometry of the M(T) specimen (D — Depth,
R — Radius, p — Angle)

The material used in this study is a high specific
strength structural aluminum alloy (6082-T6) with
homogeneous and isotropic characteristics, and its main
mechanical properties are indicated in Table 2.

Figure 2 shows the loading and boundary conditions
applied to the specimen. A maximum distributed load of
5000 N was considered for all cases, which corresponds
to a maximum nominal stress of 10 MPa. Due to
symmetry conditions of both the specimen and loading,
only ¥ of the specimen was assumed in the analysis.

Symmetry boundary conditions were also applied to the
crack plane points, excluding those of the crack
propagation zone which had no constraints to allow for
the crack opening. Additionally, other displacement
constraints were considered as follows:



1. x direction restriction in the vertical plane of
symmetry (except for the crack points);

2. y direction restriction in the horizontal plane of
symmetry;

3. z direction restriction in the remaining surfaces by
using 2 degrees of freedom (x and y directions).

Table 1 — Notch dimensions: R, 5, D

Dimensions [mm
R B D
0.5 - -
0.75 - -
1 - -
0.75 - 0.5
1 - 0.5
- 30° 0.5
- 60° 0.5
- 90° 0.5
- 120° 0.5

Table 2 — Mechanical properties of aluminum alloy
6082-T6

Yield stress 307+2.7 MPa
uTsS 330+2.5 MPa
Young modulus 74x10° MPa

Poisson coefficient 0.33

Vickers hardness 100 kgf/mm?

The finite element mesh was implemented using
isoparametric elements with 20 nodes and full
integration. Crack tip elements must incorporate a
singularity in their formulation, which can be correctly
represented by using a collapsed isoparametric “quarter-
point” element. Finally, standard crack-blocks from
ZENCRACK® were used to create the mesh of elements
in the crack front. All of these blocks have a spider web
shape allowing for a smooth transition between the
crack front region, where a higher mesh refinement is
recommended, and the remote regions of the specimen.

A special caution was driven towards the number of
contours in each crack-block for K determination
purposes. In fact, the number of contours must be high
enough to allow for the convergence of the value of the
stress intensity factor in a particular position in the
crack front. In this case, it was found that the use of
crack-blocks with 6 contours was enough to accomplish
this requirement.
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Figure 2 — Loading and boundary conditions.

3. RESULTS AND DISCUSSION

As previously mentioned, one major goal of this work is
to evaluate the effect of different types of notches
(dimensions and geometries) on the value of the stress
intensity factor for distinct crack front positions in a
M(T) specimen. Figure 3 shows the distribution of K
considering four types of notches: V-notch (with B=30°
or PB=60°), circular (with R=0.5mm) and elliptical
(R=0.75mm and R’=0.5mm). In all cases, a 10mm
width specimen with a crack of 1mm was considered.
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Figure 3 — Variation of the stress intensity factor K for
different positions at crack fronts with Imm.

From this figure, it is clear that the steep stress gradients
induced by all notches results in a substantial increasing
of the stress intensity values near the surface of the
specimen, i.e., in the vicinity of the notch root.
However, this effect is more evident for the case of the
V-notches, particularly with =30°, since this geometry
leads to the highest stress concentration factors. On the
opposite side, the smallest values of K were obtained for
the circular or elliptical notches, which means that these
geometries are less severe in terms of stress distribution.

The triaxility effect induced by notches was evaluated
for two distinct situations: with and without crack.
Stress triaxility was quantified using the parameters
defined by Equations (1) and (3), namely ® and 4. All
situations were based in two types of geometry of
notches: VV-notch and circular.

Figure 4 illustrates the variation of both parameters &
and © along half width of a non-cracked M(T)
specimen with two circular lateral notches (R=0.5mm).



As one can see, these two parameters show a similar
behaviour, which is characterized by a significant
increase of its values towards the surface of the
specimen and near the root of the notch. In this region,
h—1 confirming the influence of the notch for the
occurrence of strain plane conditions.
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Figure 4 — Variation of parameters h and @ along half
width of a non-cracked M(T) specimen with two
circular lateral notches (R=0.5mm)

Since 4 and © evince similar qualitative behaviours
regardless the type of notch geometry, all subsequent
results will be based only in the analysis of the variation
of & along the width of the specimen.

Figures 5 and 6 present the profile of the stress triaxility
parameter % considering the effect of a circular notch
with different radius (R=0.5mm, R=0.75mm and
R=1mm) and a V-notch with variable angle (B=15°
B=30° pB=45° and B=60°), respectively. From these
figures, it is clear that there is a peak of the stress
triaxility parameter for both types of notch geometries
near the root of the notch. At the same time, the
reduction of either the notch radius (circular notch) or
angle (V-notch) results in a considerable increase of 4,
which assumes a value close to unity in the case of
sharper V-notches (i.e, with smaller B). This means that
this type of notch geometry is more effective for
obtaining triaxility stress conditions near the surface of
the specimen. However, it is interesting to note that the
use of circular notches leads to a larger extension of the
zone of influence of the notch, which means higher
values of # towards the interior of the specimen. This
effect is particularly visible in the case of the circular
notch with R=1mm.

The thickness of the specimen is another important
variable with a notorious effect in the triaxility of
stresses. Figure 7 shows the variation of the triaxility
parameter / considering the effect of the alteration of
the thickness for a specimen with a circular notch
geometry (R=1mm). The results clearly show that
thinner specimens have a larger region under triaxility
stress conditions, which can be concluded from the
smaller variation of / from the notch root towards the

interior of the specimen. Thus, for experimental testing
of components under plane strain conditions, it is
important to choose the right combination between the
type of notch to be used (in terms of geometry and
dimensions) and the specimen’s thickness.

1

—*—R=0.5mm
08 —&—R=1mm
——R=0.75 mm

06

04

0,2

Thickness [mm]

Figure 5 — Variation of triaxility parameter h
considering the effect of a circular notch with different
radius (R=0.5mm, R=0.75mm and R=1mm).
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Figure 6 — Variation of triaxility parameter h
considering the effect of a V-notch with variable angle
(f=15° [=30° [=45°and p=60°).

As discussed in Chapter 1, the possible use of a thin
specimen under plane strain conditions is determinant
for the experimental investigation of certain types of
phenomena, such as high temperature crack
propagation. Consequently, the evaluation of triaxility
effects due to presence of notches in a cracked
specimen is of utmost importance.

Figure 8 illustrates the variation of the triaxility
parameter / for two types of geometries of notches:
circular (R=0.5mm) and V shaped ($=60° B=90° and
=120°). For comparative purposes, the profile of 4 for
a specimen without lateral notches is also indicated. All
the results were obtained for a crack extension of 5mm.
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Figure 7 — Variation of the triaxility parameter h
considering the effect of the alteration of the thickness
for a specimen with a circular notch geometry
(R=1mm)
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Figure 8 — Variation of the triaxility parameter h for
two types of geometries of notches: circular (R=0.5mm)
and V shaped (=60°, f=90° and p=120°).

The observation of these curves allow to conclude that
there is a significant effect of the notches, regardless its
geometry, for obtaining a triaxility state near the surface
of the specimen. Nevertheless, the presence of a crack
front by itself is a promoting factor for the existence of
high values of triaxility in almost all the thickness of the
specimen, even without the presence of any type of
lateral notches. Additionally, the triaxility effect of the
V-notches is slightly higher for those crack front
positions near the surface of the specimen. However,
both types of geometries of notches (circular and V
shaped) have very similar % values regarding the rest of
the specimen’s thickness. Considering the fact that a
perfect sharped notch is difficult to obtain in real
conditions, these results show that the use of a circular
notch is a good trade-off between the easiness of
fabrication of the specimen and the existence of plane
strain conditions in all the positions of the crack front,
which is the main goal of this work.

4. CONCLUSIONS

This preliminary work is intended to evaluate the
possible use of a standard M(T) specimen geometry
under plane strain conditions to investigate certain types
of phenomena, such as high temperature crack
propagation. From the computational results, some main
conclusions can be highlighted:

= There is a clear effect of the stress concentration
region induced by the presence of lateral notches,
regardless its geometry. This effect results in a
substantial increase of the stress intensity factor near the
notch root;

= V-shaped notches have a stronger triaxility effect
when compared with circular notches, which is reflected
in higher values of the triaxility parameters (® and 4) in
positions near the surface of the specimen. However,
the use of circular notches leads to higher values of the
triaxility parameters in the interior of the specimen;

= The thickness of the specimen has a strong influence
in the variation of the triaxility parameters. Thinner
specimens with lateral notches are characterized by
having a nearly constant value of the triaxility
parameters from the surface positions towards the
interior of the specimen;

= The use of either circular or V-shaped lateral
notches in a standard M(T) specimen with a fatigue
crack allows for its propagation under plain strain
conditions in all positions of the crack front.
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