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ABSTRACT A finite element technique aliowing crack extension in arbitrary directions in
clastic—plastic bodies is outlined, and grating methods with image processing for accompanying
i experimental investigations are presented. Using an extension of the Griffith crack growth cri-
terion for elastic—plastic material, crack extension behaviour of inhomogeneously weld-simu-
lated specimens was investigated numerically. Good agreement between experiment and
numerical simulation was found, giving some insight into the energy flow near the crack tip of
an inhomogeneous elastic-plastic material,

Numerical simulation of erack extension

Numerical simulation of crack growth in elastic—plastic bodies is usually done
by analysing a symmetric specimen under symmetric loading. In this case only
half of the body has to be modelled, and the plane containing the crack can be
Iocated on the boundary of the model. The basic idea of the most widely used
crack growth techniques is to replace the boundary conditions by the reaction
forces and then to release these forces in several steps (1)(2).

This procedure can be readily adopted for non-symmetric problems,
However, an automatic re-meshing algorithm has to be implemented to allow
crack extension in an arbitrary direction. Details are given in (3).

To calculate the energy release rate, it was necessary to allow finite crack
steps in arbitrary directions, A special control strategy allowing testwise
opening of all FE-edges adjacent to the crack tip was implemented into the
FE-program. The crack extension path which led to the maximum energy
release rate could then be chosen for further calculations.

Energy flow

Loading a body by forces F,, or by displacements #,, stresses ay,, and strains
g, are induced. They give the specific work

W, = J Ty dsij ’ i (1)
o
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Integrating over the volume of the body, the strain energy

=deV (2)
A

can be calculated. If a crack is extended at given forces or displacements, three
energy consuming or energy producing processes have to be considered.

W,

ges

(1) If the body is Ioaded by forces F; the points where the forces act will be
displaced by dw, . The released energy is

du’load = Fi * dui (3)

If the body is loaded by given displacements this expression vanishes. .

(2) Changes in stresses and strains will cause some change dW, of the clast}-
cally stored energy. (Notation: If energy is elastically stored, dW, is
positive). .

(3) When forming the new surface or shifting the plastif: zone, some energy
dW,,,, will be dissipated. In applications considered in this paper, energy
dissipation by plastic deformation largely exceeds all other effects. They
will therefore be neglected.

The amount of energy available to extend the crack is given by

dI(Vrel = dmoad - (dpycl + deiss) (4)
Dividing by the crack length da, we arrive at the energy release rate
AWy W )
T da ~ da
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Fig 1 SEN specimen with inhomogeneonsly weld-simulated area
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Fracture criterion

Based on equation (5) a fracture criterion can be given readily.
Crack extension will occur as soon as the energy release rate G reaches a
critical value G,

G=0G, (]

The direction of crack extension is given by that direction where G has its
maximum.

While the well-known Griffith fracture criterion was formulated for elastic
bodies (4), this is a generalisation for elastic—plastic material.

Numerical investigations of weld-simulaied specimens

In order to permit a comparison of experimental and numerical results a series
of SEN specimens (150 x 30 x 15 mm?), machined from 20 MnMoNi 5 5 steel
with large, inhomogeneously weld-simulated regions was tested, Fig, 1. Micro-
samples with a diameter of 3 mm were taken from the base material and from
the inhomogeneously weld-simulated regions at different positions to give the
stress—strain relations (Fig. 2). Figure 3 shows the finite efement mesh related
to the specimens. The plastic zone at the beginning of stable crack growth can
be seen from Fig. 4. It was well represented by the finite element results when
plane stress conditions were assumed.,

Figures 5(a} and 5(b) show results of energy flow calculations for a constant
value of crack extension assuming plane stress and plane strain conditions.
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Fig2 Stress-strain relations of different weld-simulated samples
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AN

Fig 3 TFinite element mesh

The abbreviations at the sides of the diagrams have the same meaning as in
the section on energy flow. As the experiments were displacement controlled,
the released energy dW,, equais dW .

During quasi-static loading of the specimen, stable crack extension occurs,
and some deviation of the crack extension direction from the original crack
plane has to be expected. Figure 4 shows the plastic zone of a pre-cracked
inhomogeneously weld-simulated 20 MnMoNi 5 5 steel. Surprisingly the crack
propagates in that region where the extension of the plastic zone is large and
where more energy is dissipated compared to crack extension in other direc-
tions.

Examining the diagrams, the effect of crack deviation into the area of a
larger plastic zone can be explained. As could be expected the upper curve
representing the dissipated energy has its maximum at an angle of deviation of
about 30 degrees. However, due to the large amount of elastic energy stored in
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Fig 4 Plastic zone of inhomogeneously weld-sirnutated specimen

the plastic zone the maximum of the energy released by elastic unloading lies
at about 30 degrees, too. In the case of plane stress the angle of deviation of
the maximum enecrgy release rate, which was calculated by interpolation, was
found to be 19.4 degrees. This is in good agreement with the experimental
result of about 25 degrees at the surface of the specimen.

Under plane strain conditions, which govern the deformation state in the
centre of a thick walled specimen, no significant deviation of the crack is pre-
dicted (Fig. 5b). Looking at these results from a more general point of view, it
has to be stated that the material properties at some distance of the crack tip
have a significant influence on the fracture behaviour,

For a more detailed examination of crack behaviour and strain- and stress-
fields in cracked specimens, experimental methods are under development,
which altow by the use of grating methoeds and image processing the measure-
ment of these magnitudes over extended areas of the specimen.

Grating methods

Principle

The grating methods are based on optical marks, which are combined in a
given manner to the considered object surface (5). The relationship between
object, marks, and their image leads to the geometrical properties of its surface.
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Fig 5 Energy flow, (a) plane stress, (b) plane strain

In this case, the optical marks are used for describing coordinates by their
intensity profile, Fig. 6.

For experimental analysis of problems of fracture mechanics such marks are
attached to the surface of the specimen, characterising the position of the
related object points. Recording the marks by the stereophotographic prin-
ciple, their global coordinates can be determined.
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Fig 6 Optical mark, characterised by the intensity distribution I(x, y) of a circular area (T = I} on
& background ( = ®)

A pattern consisting of several marks is called a grating. For example, the
centres of the spots of a point grating lead to the contour of the related object
surface, whereby the completeness of its description depends on the density of
the grating. The object and the grating are deformed in the same manner if the
object is loaded.

Relating the difference of the change of position of two neighbouring marks
of the grating to their distance, one obtains the average strain of the field,
which is limited by these two marks.

Grating

A suitable procedure for producing gratings which are applicable also for high
temperatures consists in spraying an emulsion of photoresist and titandioxid
on the polished surface of the specimen, and to expose it through a mask (6).
After developing the exposed coating, the desired grating structure is available.
By this method line densities up to 500 l/mm (lines per millimetre} were
achieved without difficulties, Figure 7 shows a cross-grating with 5 |/mm at
room temperature and at 850°C after a loading time of 30 minutes. In order to
avoid the forming of tinder, the specimen was immersed in nitrogen. At tem-
peratures above 180°C the photoresist evaporates and only the titandioxid can
be observed. Using small grains of titandioxid with a diameter of 0.2-0.3 um,
sharp-edged grating lines are obtained. Due to the deformation of the object,
cracks in the grating arise without a local detaching of the grating from the
surface of the specimen.
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X

Fig @ Correlation filter for evaluation of cross-grating coordinates

shown in Fig. 8. These marks are taken onto film with an absolute precision of
about 0.5 um together with the deformed grid. The marks are needed to
connect the segments over the whole area but, moreover, they are used to
correct a possible film deformation due to the developing process.

Grating coordinates

When using the grating methods, the main problem of image processing is to
determine the coordinates with a sufficiently high accuracy, which means at
least a standard deviation in the range of about 1/10 of a pixel. This is
achieved by application of a correlation filter (Fig. 9) to the original intensity
distribution of the cross-grating (Fig. 10a), yielding a related correlation func-
tion (Fig. 10b). It is smooth and convex in the neighbourhood of all points
where the grating lines are crossing each other. There it can be approximated
by a polynomial of second order in a 3 by 3 pixel area containing the
- maximum correlation value as the central point (8). The maximum of this
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Fig 10 Cross-grating, (a) raw data, (b} interpolated and smoothened data
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function then defines the grating coordinates with an accuracy of about +1/10
pixel, provided the digitising system causes no additional error.

In order to prevent different sources of error, the whole image evaluation
proceeds in the following steps, described later on in detail.

(1) Digitising a high precision quadratic reference grid and evaluating its coor-
dinates.

(2} Calculation of a related displacement vector correcting the grid distortion
caused by the digitising system.

{3) Calculation and correction of the grating coordinates in different deforma-
tion states,

(4) Smoothing and interpolation of missing coordinates.

(5) Calculation of displacement fields with respect to the undeformed state.

(6) Calculating the plane strain field using a large deformation theory and
smoothing,

When digitising a film with a CCD camera, the faults of the lenses and the
non-parallel planes between the film and the CCD array deform the geometry
of the digitised image. Using a high precision reference grating with quadratic
meshes, a correcting function can be determined reducing the failures from
1 pixel in the worst case to less than 1/10 pixel.

The coordinates of the deformed grid are determined automatically in a
given area. The related program needs several initial parameters, namely the
pitch of the grating, the thickness and direction of the lines, an index of a
starting point, etc.,, which have to be submitted interactively at the beginning
of the evaluation. The program then generates a consistent correlation filter
and it determines about 10-20 points per second on a Microvax II computer.

These raw data are analysed with a smoothing procedure which detects
gross errors, and which interpolates missing points. It smooths the grating
lines in both directions separately, using first to third order two-dimensional
polynomials. This procedure has to be performed in segments if the surface
contains non-steady elements like cracks or holes, because averaging across
these elements results in large errors for the strain.

Sirain tensor for large deformations

In order to obtain the strain tensor in a point P, of the deformed state, the
distortion of two basic vectors dr?, drd (Fig. 11) from the reference state to the
deformed state dr}, dr} is investigated. A plane deformation tensor can be
determined from the linear relations

dry =Fdrf, del=F ds? %)

This tensor F, consisting of a rigid body rotation and the deformation, is split
into a rotational tensor R and a large strain tensor &/

F=RU (8)
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Fig 11 Basic vectors of the undeformed and the deformed state

Using the relations

C=FF=URRU=UU 9
it is possible to calculate, (9)
U=J/C=f4 +/C (10)
where
1 fo = fin/(det O S

"= Cr 2jidet O}

The elements of the U tensor

(U11 Ulz)_(l + & by ) 12)

Usy Uy \ &y 1t

correspond to the large strain components of the deformed base vectors. '
This procedure is performed for each point of the grid, averaging the strain

components over the deformation of the four corresponding basic vectors (18).
As a result three matrices are derived, containing the raw values ¢, ¢,, and

€,, of the strain tensor. These values can be smoothened further over 2 x 2 or

3 x 3 meshes when plotting isolines, if too much noise is present. This,
however, reduces the resolution of the strain field,
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Fig 12 Strain components near the crack tip (measured) {a) ., (h) 5,, () 2,
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Fig 13 {continued)

By experience, the aceuracy is about + 1-3 percent strain, depending on the
quality of the images. Thus the method is not suited for elastic deformations
but it is a reasonable choice if strains in the range from some permille up to
very large deformations of e.g. some 100 percent are to be investigated. More-
over it submits simultancously the three plane-strain components, which is
not generally possible when using Moiré- and interferometric methods,

The described grating method, including image evaluation, was applied to
crack propagation in the specimen presented in section 2, loaded in bending.
The strains near the crack tip are shown in Figs 123, b, and ¢, Figures 134, b,
and c show the strain values calculated by the finite element program for plane
strain, They agree very well with the results from experiment.
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