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MICROMECHANICS AND CRACK SPECTRA

Be MICHEL and P, WILL

Micromechanics can describe defects and
their mechanical interactions by means of
analytical and Computer methods as well,

cracks, Two eéxperimental methods are dis-
cussed which allow to measure microdeforma-
tions within crack-tip regions by means of
lasers (holographic J measurement etc,)and
scanning electron microscopy ("micro-moirs®
method)., A hypothesis is established con-
cerning crack electron spectra due to the
microdeformation effects. The latter is
explained in terms of the deformation po-
tential approach,

INTRODUCTION

Modern fracture mechanics is assumed to be based upon
two main pillars: phenomenological (macroscopic) frac-
ture modeling and structural (microscopic, micromecha-
nical) fracture mechanics, However, most fracture prob-
lems can only be solved taking into account both macro=-
scopic and microscopic aspects, The concept of the
crack tip immediate surroundings (“"process region” etc)
is a characteristic example, how the microscopic
approach and the phenomenological concept "meet"™ each
other within a "transition region” of modeling. Within
the nearest crack tip region defect mechanisms play the
dominant part in the fields of crack initiation and
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can be studied by means of simulation models (see €.g.
(6),(2)) and éxperiments which provide a more precise
information on the micromechanical deformation beha-

viour in the defected regions ( see (2).(10),(11),(9),

(17)). Besides analytical and semi-analytical defect

Finite Element Method (FEM) and Boundary Element Method
(BEM) both have been successfully applied to the mic-
romechanical level too (10),(18). The systematic study
of mechanical defect interaction phenomena using the
above-mentioned methods, however, is only possible by
means of more "physically” refined models in microme-
chanics of defects. The authors have been working in
this field for some years now (see e.g, (1),(2),(4),
(13)=(16)) .It is one of their experiences that so-
called "hybrid models”(already well-known from solid
mechanicsg should also provide a good basis for syste-
matic investigation of defects on the microscopic le-
vel (1). One of the greatest advantages of these kinds
of models is that they could “combine“ differ nt as-
pects (even to a certain extent "inconsistent views)
of physical modeling, e.g. the continuum point of view
on the one hand and the discrete nature of lattice
structure on the other, Inside the “"process region™,
where the pure phenomenological approach to fracture
mechanics does not work, “continuum Micromechanics®
and “"lattice Micromechanics™ meet at a point of so-
called "mesoscopic modeling”. The void-void interac-
tion problem, for example, which is of great importan-
ce for ductile fracture (crack initiation etc,.,) can

be described in terms of continuum mechanics to a cer-
tain extent, after some additional aspects of thermo-
dynamical field coupling effects (connected with the
concept of "internal® pressure, local temperature
field around the voids etc.) have been taken into ac-
count, Then we immediately arrive at the field inter=-
action problems in general, such as mechanical~ ther-
mal field coupling etc. (1),(2),(13).

We do not want to go more into details here, as we
dealt with these kinds of effects in recent papers
(13),(4). Crack tip temperature fields, however, also
react on the mechanisms of defect interaction because
of the dependence of defect activation on the "local”
temperature field. Other kinds of field interactions
have been shown to influence the crack behaviour too,
€.9. the electromagnetic-mechanical field coupling
effects (19), On a pure phenomenological level of mo-
deling there is no real chance neither to find out the
reason nor to arrive at a suitable "practical” picture
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about the defect behaviour in the near crack tip re-
gion. But we also know that even the mostly advanced
microscopic theory of micromechanics (let's say micro-
physics or lattice physics) today in no case of prac-
tical importance has been able to solve the very comp-
licated problems of lattice distortion within the de-
fected regions around a real crack tip, This conflict
in the framework of continuum fracture mechanics can
be "weakened" in three ways:
i)To enlarge the degree of freedom in the phenomeno~
logical models taking into account field coupling
effects such as mechanical-thermal field interac-
tion (temperature-dependent fracture mechanics as
field theory etc,).

ii)To improve the experimental diagnostics of local
deformation and temperature fields in the near
crack tip region (see below)

iii) To establish certain kinds of *hybride models™
on the mesoscopic level of "continuum -micro-
mechanics"”,

All the three steps mentioned above are equally impor-
tant and will contribute to progress in this field,
The third approach is arranged at the "micro-macro-
border” of fracture modeling., However, this can only
be successfully achieved using the main results - but
not all sides- of i and ii, as the “simplification"”

of the model (one important aim of most hybrid models)
requires the incorporation of essential outlines of
the more comprehensive "large models" and of the ex-
periments as well,

The authors below are going to give a brief survey
about their research activities in the field of "meso-
scopic” continuum micromechanical modeling of defect
interaction related with crack problems,

THEORETICAL BACKGROUND OF MICROMECHANICS OF DEFECTS

Quite a lot of publications have appeared since the
classical papers written by NABARRO,ESHELBY,COTTRELL,
KRONER etc. which deal with various kinds of models

of defects in solids on the basis of continuum micro-
mechanics, Review papers, monographs and conference
proceedings report on the powerful development in this
field (see €.0. (1),(22)-(26)). Linear and non=linear
models of defects and their interaction processes have

elastic approach more general constitutive behaviour
-_above all inside the “core" regions of the defects=-
also in the microscopic regions has been taken into
consideration. Nonlocal aspects have been reported
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upon too(22)., We do not go into detail here but mention
one main aspect of the development in this area of de-
fect modeling which seems us to be a trend in recent
fracture micromechanics: This is the full-scale appli=-
cation of computer simulation by means of FEM, BEM and
other powerful numerical discretization methods for
problems in micromechanics, Hence, it is not essential
any longer, whether a model is a linear one or not, as
the discetization (by FEM) in principal is also possib=-
le for advanced geometrically and physically nonlinear
concepts. In case of practical application, however,
this situation is somewhat different because good
computers and high costs are necessary to solve more
complicated nonlocal or nonlinear problems. Besides
this we alsoc have to recognize that there are some
difficulties with regard of the uniqueness of solu-
tions in the nonlinear models (e.g. branching,inverse
and improperly posed problems which are difficult to
solve, etc.). But this is not the point of discussion
here, The main point, however, is the model itself,
i.e. the physical interpretation, In this conference
the authors discuss the following examples, where in-
teresting results have been obtained applying computer
mechanics on the micromechanics level of defect mode-
ling.
= Simulation of different classes of void problems
(three~-dimensional) in various materials (isotropic
and anisotropic),

= Surface and interface interaction of voids, inclu=-
sions and other defects,

- Interaction between voids and microcracks,

~ Near crack dislocation behaviour (esg. crack=-flank
“"COTTRELL atmosphere" etc,).

- BEM simulation of cracks, microcracks, material in-
homogeneities (2d and 3d models) by means of deter-
ministic as well as stochastic models,

The results are discussed with regard of the physical
relevance of the simulation (e.g. attraction or re-
pulsion effects between the defects and conclusions
derived from the outlines of the models),

Various routines of spezialized software have been
written. A programme bank system "FAMSAR"- FRACTURE
AND MICROMECHANICS, STOCHASTICS AND RELTABILITY~ which
is to contain a collection of specialized software
packages both in the theoretical field and in the
field of practical application is under construction,
The latter also includes software for experiments (
€.9. CAT- COMPUTER AIDED TESTING by means of various
experime:«ital techniques, such as X-ray diffraction,
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laser beam technique, photoelastic method, acoustic
testing, electron microscopic deformation measurement
and conventional methods of materials testing and frac-
ture mechanics tests),

As the local deformation field around the cracks shows
an important influence on fracture behaviour in the
next two chapters a brief survey will be given about
two specialized experimental methods which have been
developed in the Institute of Mechanics of our Academy
of Sciences for the study of near crack tip deforma-
tion behaviour:.

i) The evaluation of stresses, strains and generali-
zed three-dimensional J-integral by means of laser
experiments (holographic interferometric J test)
HI-J=TEST,

ii) The “"MICRO-MOIRE-METHOD" which has been developed
to get information upon displacements, stresses,
strains and local fracture parameters in the im=-
mediate crack tip surroundings through in-situ ex-
periments within a scanning electron microscope.

GENERALIZED THREE-DIMENSIONAL J BY MEANS OF LASER
EXPERIMENTS- THE HOLOGRAPHIC INTERFEROMETRIC J=-TEST

Presented here is a combination method of holographic
interferometry with a smoothing numerical method bea-
ring in mind mechaiiical equilibrium to evaluate strain,
stress and 3d-J integrals, respectively.(see (11,(17)).
One possible way for the extension of classical J to
the three-dimensional elastic crack problem was car-
ried out by MIYAMOTO and KIKUCHI in 1980 (see e.g.

(27) and (28)).

The Jg =vector is

F =f mymug e inydl [ (el - Uik t13) 3dA.

Suffices followed by a comma denote differentiation,
W is the known strain energy density function. u. and
ti1 are the local displacement and stress tensor, res-

pectively,

The path /"has been introduced as one surrounding the
area A at the crack tip. Note that this local J vector
is associated here with fixed planes x, = const. of
the specimen (see €.g. (11)). Using thg property of J
as a path-independent quantity of state KAWAHARA and™
BRANDON (46),KING and HERRMANN (47),FREUTIANT (48) and
many others already presented suitable methods for ex-
perimental evaluation for the original RICE-integral,
By WILL et al., a combination of holographic interfero-
metry with special smoothing numerical method has been
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introduced to determine three-dimensional 3,

This hybrid numerical and experimental technique leads
to very accurate results. The method is valuable as it
is a non-destructive testing methods with small experi-
mental errors, The accuracy was shown in many experi=
ments for different kinds of materials (from steels to
ceramics), e.g. for the three-point loaded bending
specimen with an edge crack. Details are given in (11),
The experiments which could be carried out by means

of usual continuous laser technique lead to very good
results for all components of J . This could also be

proved comparing the values with those obtained by Syn=
thetic interferogramms which follow from FEM and BEM
simulation tests, It is expected that further develop~
ment of this new hybrid optical method will lead to a
powerful tool in experimental fracture research under
suitable conditions.,

THE MICRO-MOIRE-METHOD

Like all the other experimental field measuring tech-
niques known until now in the area of deformation and
fracture evaluation (x=ray analysis, acoustic waves,
photoelasticity etc,) also investigations by means of
electron microscopes should help to study the near
crack tip deformation mechanisms,

Thus, on the one hand we used conventional scanning
and transmission electron microscopy and other rela-

nics. A special procedure for generating displacement-
induced moire-patterns by means of SEM has been deve~
loped (see (8),(3))e It permits to find out the com-
ponentsof displacement vector U of in-situ deformed
bending or tension specimens in microscopic dimensions
of surface regions of the specimens,

The micro moire-patterns arise by superposition of si-
milar periodic or qQuasi-periodic structures., The super
position of two such structures can be written as
follows:

A A
S(r) =ZZ exp{-ZFi(m+n)_l3-£}BmPnexp[ -2% in(pe(r -u)
m n A
- 2.: ) °
Here r is the position vector,Bm'Pn are Fourier coef=
ficients of the two structures, '
b ,'ﬁ are the spatial frequency vectirs of the struc=-

tures. The formula supposes a sufficiently faint po-
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sition dependence of Xhe Fourier coefficients and of
the quantities b and p , This is €quivalent to the mo-
dulation of the firsit factor of the superposition
Structure by an unimportant position-dependent expo=-
nential term, The modulation is responsible for the
build up of moire interference batterns of both struc-
tures, If a specimen grid is Superimposed by a sg=-
called analyser grid, then the produced moire fringes
are generated by all those geometrical points suffe=
ring the same relative displacement perpendicular to

ment field of in-situ deformed regions by generating
moire interfereénce patterns (9). From the micrographs
before and after deformation the order of fringes can
be identified, so that the displacements can be deter-
mined, if the density is known,., As it is the case for
other kinds of field measuring techniques an automati-

to quantitative results for all field quantities very
quickly, e.g. displacements, strains etc. For strains
etc. we applied a Special smoothing method which gives
sufficiently accurate results for further differenti-
ation of the displacements, In a similar way - as it
was already shown above for the HI-J-Test- we arrive
at the deformation field etc. One result of this
scanning micro-moiré-method obtained in the electron
microscope is the J-vector, This was carried out for
some materials, The method can also be used for a sSy-
stematic study of the microdeformations within the
process zone, This is only dependent upon the kind

of microscope available for the experiments, The bor-
der of the transition region where the J concept fails,
t.e. J looses the property of path-independence, can
be defined as "process region", This "experimentally
verified process region” has been the aim of current
research work in this field within the group of the
authors (30), The procedure is not necessarily restric-
ted to the J concept. Other fracture concepts could

be studied too by this experimental method. Integral
concepts have been used because of some numerical ad-
Vantages due to the “smoothing" effect connected with
integration of physical quantities. Generalized con
servation laws concerned with other integral

concepts have been under consideration (a survey of
those concepts is given in (12)),
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HYPOTHESIS ;. CHARACTERISTIC "CRACK SPECTRA"

or mechanical quantities describing the crack configu-
We are first going to give some further explanation:

From quantum mechanics it is known that disloca=-
tions and other lattice defects may give rise to
Sstrain fields that effect the electrons (see e.qg, (31)
~ (44)), Thus, it is a known fact that bound electron
states in the strain fields of dislocations in germa=-

cally deformed germanium. Experiments seem to indicate
the occurrence of a "dislocation band" in the gap bet-
ween valence and conducting electrons in semiconductor
materials, There are many publications which deal with
field coupling effects between the deformation field
i.e. lattice distortions) and electron states in the
homogenious unbounded medium, There exist great diffe-
rences with regard to the theoretical approach for dife
ferent materials (metals, semiconductors etc.) In some
special cases the approximation of so-called "defor-
mation potential™ theory can be applied., This rough
estimation already leads to correction terms in the
Hamiltonian and may lead to essential effects due to
lattice distortion around the defects ,KLEINMAN and
many others dealt with sych kinds of problems in ge-
neral without considering the crack problem (see (40),
(38)). CLAESSON presented another formulation of a
simplified model (33) which is based on the following

decomposition of the Hamiltonian:

H=H°+Hc+ Hc,

where H represents the Hamiltonian of the perfect
crystal® H¢ is the term due to Strain contribution

tion &ore structure). This model disregards the elec-
tron-electron interactions and leads to expressions

ooyl (o (2) ¢t < ) .
Hg = 4 +AQ *+ 4, ) h& ;;./h] 671 92 2
1]
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HeV = Z28:5 B ; Hw o o ér .

Here¢;; and ﬁ&jare the strain and distortion tensor,
respectively, ¢ris the volume dilatation (trace of g ).
A.. and ﬂij and C are related to quantum mechanics,
Tﬁly are of lesser importance with regard to our dis-
cussion, This coupling between defect deformation and
electron structure of solids (H is responsible for the
electron states! From H a modified SCHROEDINGER equa~-
tion follows which contains the field quantities of
defect distortion)due to dislocation can formally be
extended to near-surface defects too. The influence
of elastic lattice distortion near boundary surfaces
(and similarnear crack flanks!) is an essential effect
which is well~known (see e.g. MICHEL (1),(2) or LOTHE
(42)). The surface-influence upon the electron states
is , however, a very complicated problem in modern
quantum mechanics and probably could also be neglec-
ted in a first-order approach, If we only have a look
at the lattice influence, we know from continuum mic-
romechanics of defects that the trace €1 shows a de-
cisive influence on the elastic interaction energ
terms between the defects (see (14)-(16),(1),(2)).
This means that the defect interaction energy also
exerts a non-vanishing influence on He and thus on
the electron states. From this simple consideration
and some quantitative estimations of the terms which
enter H we already can draw the conclusion that the
crack flank interaction of defects (point defects as
well as dislocation) must also lead to a contribution
to the electron energy level, This also remains valid
for collective behaviour of defects, 1aking into ac-
count the concept of "process region”, we must arrive
at the conclusion that "characteristic" crack spectra
exist, if the defect arrangement around cracks is a
characteristic one which could be related to the crack
quantities (geometrical quantities such as crack length
inherent material properties and even to fracture con-
cepts like J ), This remains an open qucstion for
present day fracture theory. It should, however, be
possible to answer it, if the micromechanics of defects
will be able to answer the question whether there is
edefinite arrangement of microdefects within the pro-
cess region or not, We think that the proof for the
Static case is sufficient., All kinds of dislocation
models of cracks rely on this assumption. The two
problems (electron states of cracks and characteristic
defect arrangemeints) are stronly related to each other,
The authors express their positive opinion about such
a characteristic defect structure af a definite crack
configuration unless this will not be decided in the
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near future, A unique arrangement of microdefects will
lead to additional states in the "electron gas" around
the crack region., This in consequence will Iead to
crack spectra which should also be excitable by suita=-
ble experiments, This, eventually, could lead to imp=-

roved methods for non-destructive crack diagnostics,
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