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~ DAMAGE MECHANICS
EXPERIMENTAL BACKGROUND

M. BASISTA {(WARSZAWA)

The present paper is a synthetic review of available experimenfal results concerning
damage nucleation and growth in various materials at diverse loading conditions. An emphasis
is placed on the physical complexity of the damage processes. To this end, an influenice
of the state of stress, type of applied load, material mesostructure and temperature dre
studied in detail. Characteristic features attributed to the damage process, such as damage-
-induced material inelasticity and anisotropy are stressed. The second part of the review
will be devoted fo-selected damage models published so far.

1. INTRODUCTION

Real engineering materials contain numerous mesostructiral flaws such
as microcracks, voids, inclusions, pores, ‘second-phase particles and other
stress inhomogeneities even in the virgin, unstressed state. During the process
of straining new microdefects appear while the already ¢xisting ones grow
and link up. Nucleation and growth of these microdefects affect the mechanical
properties of the material in the macroscale and- reduce considerably its
ultimate strength. Their coalescence in advanced stage of the deformation
process leads to the nucleation of a macrocrack which brings the loaded
element to final failure.

In the literature, the term “damage” or “damage process” has been
attached to the phenomena of nucleation, growth and initial coalescence
of a multitude of microdefects in the material structure. However, one
should distingnish between damage and fracture. The first notion is inten-
tionally referred to' the weakening of material bearing capacity that manifests
itself, among others, in fhe degradation of the elastic moduli and reduction
of the material strength, whereas fracture’ gencrally means material disability
to carry the load. In this sense, damage denotes a preceding phase of the
fracture process. Tt is also a common case that damage and fracture appear
51multancously in the same material as a damaged zone often occuts
in front of the macrocrack tip and it aids in the macrocrack propagation.
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~ Obviously, these two phenomena differ in scale — damage develops at the
mesoscale of the material structure while fracture is identified with a macro-
scopic crack running through the body. Following Krascmvovic 1], let us
‘at this point introduce a simplified classification of the volume scales with
_corresponding typical defects at each level of the analysis, Tabl. 1. A material
~ defect may be regarded as a microdefect in the damage mechanics sense
if it has the same size as some mesostructural feature of the material,
e the grain size. Otherwise, it belongs to the fracture mechanics methods
of analysis. -In the case of plain concrete, for example, the microcracks
. are smaller than the characteristic radius of a mesoscale representative
"element being of the order of 10 mm [2]. In the majority of brittle rocks,
the initial microcrack length does not exceed 1 mm [3, 4], while at the
onset of structural failure it usually falls within the range of 3—7 mm [$‘].‘
For the hot-pressed ceramics like Si;N,, the mean grain size is of t}lc
order of 1pm, so is the scale of microcracks that grow at the grain
boundaries [6]. : : o
Fracture mechanics deals with one well-developed mactocrack or with
-regular arrays of such macrocracks ‘agsumed to be embedded into homio-
géncous continuum. Thus it is unable to account for the growth of the
multitude of randomly distributed microdefects for which the surroundipg
material is strongly inhomogeneous due to the energy barriers produced,
for eggample, by the grain boundaries. T

Table 1. Volume scales with correseponding, characteritic material
defects (from [1]).

Scale Material Defects
;
micro atoms, molecule chains | vacancies, dislocafions:
meso ensemble of grains microcracks, voids
macro | specimen, structure macrocracks, shear bands

Much of the inelastic behaviour of solids, especially brittle ones, | is
“attributed to the accumulation of internal damage in their structure. Therefore
is seemed quite appealing to try to employ the theory of plasticity, whth
is already fairly well developed, as a framework for analytical modelling
of the damage process, However, as pointed out by Kraycmvovic [1], such
an approach lails for two reasons at least. Firstly, damage is gener Iy
connected with the loss of interatomic bonds, whereas plastic flow is reiaied
to the slip of matter through the crystalline lattice with no significant
change in the number of bonds. Secondly, these two dissipative processes
differ in that damage induces a different slope of the unloading path | in
the stress-strain curve as compared with the initial segment of that curve
in loading, Fig. 1, [7, 8] .
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FIG 1 Damdge versus plast;cﬂy (ﬁgure based on thc papers by DRA(‘ON and Mroz [9],
: HULT {8])

~“It may then be- concluded that neither the fracture mechanics nor the
‘theory of plasticity provide a suitable basis to investigate the damage
;"I'jrocess Consequently, an urgent need has arisen for systematic, separatc
studies of the problem in hand, both on the theoretlcal and f:xpernnerlfj al
-_plane oo : E
i Damage is a complcx phenomenon strongly dependent on the mateﬂ]al
type: of applied loading, state of stress and temperature. From the purely
-geometrical standpoint, the class of microdefects. in questlon can be dmAled
mto two groups: : ' é
‘microcracks: roughly planar‘ in " shape, growing mostly on the grain
tindaries, typical of brittle solids (rocks concrete, ceramics, metals at
.certain temperature levels); - :
:vo1ds being: of volumetric nature, growmg Wlthln the grains or on gram
oundanes observed mamly in ductﬂe materials (majomty of metals and
loys)
8 far as d1fferent types of- damage are’ concerned -one can distinguish
ttle (or elastic-brittle) damage, ductile (or elastic-plastic) damage, creep
amage, fatigue damage, damage of initially anisotropic materials like compo—
s, and spall damage which. is due to impulsive loads of short duratio
Bachtype will be analyzed in detail later on.
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Except for very ductile metals that manifest a dilute and random con-
‘ceniration of almost spheroidal voids, the nucleation and evolution| of
microdefects in most of the engineering materials exhibit pronounced ani--
sotropy that can in many cases be related to the prinicpal directions of|the
stress- or strain tensor. This damage-induced anisotropy is an important
feature of the whole phenomenon and cannot be disregarded if theoretical
modeling of material behavior is to be realistic.

The origins of damage mechanics go back to the pioneering paper: by
Kacuanov [10] in the late fifties, who first introduced a separate mathema=?
tical quantity to account for. the material deterioration when describing| I the
tertiary creep of metals under uniaxial tension. Tt was a macroscopic
scalar variable that represented microcrack density in a specimen cross-section.
That early work of Kachanov inspired many authors and spawned a I:} of

diverse damage models within the framework of continnum mechanics,
so that a new branch of solid mechanics known as Continuum Damage
Mechanics was found Continuum Damage Mechanics (CDMX*') envelops
a wide gamut of the existing damage theories that start by mtroducmg
into constitutive equations certain field variables, called damage varia bles,
‘that reflect the current state of internal material deterioration in an average
sense. If a model aims at describing damage as a process, the defined
damage variable requires formulation of an evolution law (damage law)
that would govern the growth of microdefects. Besides numerous variatjons
of the original Kachanov's concept postulating the damage measure in|the
form of a scalar parameter, various vectorial and tensorial models were
proposed, motivated by the fact that. damage process reveals directi nal
character that can hardly be described using solely a scalar variable. .

The present paper, being an extended and updated version of|the
author’s earlier publication [13], is intended to be a comprebensive state-
-of-the-art work summarizing the most remarkable results achieved in|the
field of Continuum Damage Mechanics. Its main objective is t_cS proyide
a synthetic yet detailed review both of the experimental observations land
the existing theoretical models of damage processes in various materials
at diverse loading circumstances. Although most of the paper will be
devoted to damage of brittle and ductile materials under quasi-static loadings,
some attention will also be paid to damage in creep conditions, fatigue
damage, spall damage, and: damage of composites. However, it.is by, no
means claimed that this report comprises all the research effort dong m
the field of Continuum Damage Mechanics. Inevitably, the selection of
papers and the objectivity of the review are, to.some. extent, biased. by
the authors own opinions upon the problem cons1dered

(") Jansow and Hurr [11] were probably the first who used the term CDM; as rémarked
by Krascmvovic [12]. o _ . _
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2. EXPERIMENTAL OBSERVATIONS

2.1. Damage in brittle Soliag

 Damage in brittle’ materials such as rocks, ceramics and concretes
subjected to quasi-static loadings takes usuaily the form of sharp,  flat
microcracks that grow either in the cleavage mode or result from grain.
boundary sliding. Microcracks show in this case a clearly defined orienta-
tion, thus damaged brittle material must be considered -as markedly ajxiso-'
tropic. : : I
It is commonly reported in the literature [6, 14, 15, 16] that in| the
uniaxial tensile tests microcracks develop mainly in the planes fhat! are
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Fie. 2. Pamage-fracture process of rock-like materials under uniaxial -compression (after
Dracon and Mroz [9], Murakami [163).

nearly perpendicular to the load axis. Eventually, they coalesce into one
continuous macrocrack that traverses across the entire cross-section of] the
specimen [17, 18]. ' !

An apparently different ‘mechanism of damage is oserved in brittle
solids subjected to uniaxial compression. At low stresses, a typical stress-
-strain' curve for rock-like materials, Fig. 2, is nonlinear and concave
upward (0A) due to the closure of pre-existing microcracks and pores:[4].
After that, almost linearly elastic behaviour of the rock is found (A4B),
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with no significant damage activity within the material. In the regions
(BD) of stable inelastic deformation, intensive microcracking is rep-clrted
[4] predominantly in the planes that are oriented parallel to the diregtion
of compressive stress [5, 19]. Beyond the instability point D, the micro-
cracks begin to interact and coalesce. This process accelerates and a domipant
fault is formed which means the onset of final fracture of the specimen.
Two modes of gross fracture are observed in the analyzed case:: splitting
[20] and: localized shear zone [14, 15, 21]. Tt is perhaps worthy to
comment upon that any CDM based theory for the behaviour of rocks
under uniaxial compression should not be extended over the post-critical
branch (DE) of the o—¢ curve shown in Fig. 2 since the assumptions
of the CDM. cease to be valid in this region as the macroscoplc distinct
crack has already arisen.

Fio. 3. Kinked microcrack in resin CR 39 subjected to uniaxial compression (from [22]).

A qualitative evidence for the above-stated orientation of the microcrack
pattern in brittle solids under uniaxial compression' may be found in| the
papers by Hormr and Nemat-Nasser [22, 23] (%) who examined the damage
growth by simulating the pre-existing flaws in the model plates mad of
amorphous brittle materials such as resin CR 39 and glass. Their experiments
confirmed that kinked microcracks that nucleate at the tips of pre-existing
flaws become parallel to the direction of maximum far-ficld compression
after some curving at an carly stage of the loading process, Fig. 3.
Additionally, an influence of a lateral confinement that accompanied| the
dominant compression was also reported The lateral tension, when lmposed

(%) ‘See ‘also the eatlier papers by BRACE and Bowmporakss [25} and HOEK [26].:
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upon the specimen, made the microcrack growth unstable after a ceﬁ‘tam
crack length had been reached. Conversely, when the lateral compression
existed, the crack growth was stable and stopped after some finite leTgth
‘unless the maximum principal compression increased. It was. also- found |that
the larger cracks moved first as compared to the smaller ones. -
Final overall splitting due to coaleéscence of cracks was observed.

The well-known effect that in concretes, rocks and ceramics subjected
“to ‘uniaxial compression the microcracks are aligned parallel to the laxis
of loading has encountered substantial difficulties as' regards its phyéical
explanation. It scemed as if the microcracks could open against comﬁres-
“sive stresses (for details consult [19]). In order to overcome these difficulties,
‘some authors claim that it is always a tensile deviatoric stress that causes
the nucleation and growth of microcracks [3, 27, 28]. One can easily
check that experimentally observed facts of the microcrack orientation lboth
in compressmn and tension: are: then preserved In: our opinion, however,
this is but a formal assumptzon which does not. ‘help vety much mu the
elucidation of - the problem It can readlly be clarified if one recognizes
that the matetials in’ questzon are in fact’ mhomogeneous Material 1nhomo—
geneity induces local tensile stresses needed to initiate the microctack
propagation under the external compression.

In polycrystalhne rocks ﬂuctuatmg tensile stresscs arise from material
property mismatches: between grains or . from contact between the grains
with irregular’ boun_darles [5]. In:the case of concrete, local tensile stresses

Morto_r

Aggregate

O .

Fie. 4. Local tensile stresses in concrete due to squeezing of aggregates (from [197).
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may be generated at the tips of the interface microcracks due to sliqing
of the aggregates along the microcrack faces [24]. Splitting stresses may
also result from squeezmg out of the aggregates as shown- in F1gI 4.
In ceramics, the grain boundary sliding can produce high. tensile stresses
when blocked at triple points and cavities are thereby created, Fig. 5
The local tensile stresses responsible for the microcracking in concrete,
rocks and ceramics may significantly differ from the externally appjmd
stresses due to the inhomogeneity of these materials, This non-uniform
redistribution of the external stresses within the material should be taken
into account when modehng damage in brittle solids.
. Precise: observahons indicate that the microcrack growth is governed
'not only by the state of .stiéss but also by the distribution of planes of -

' Fic. 5. Cavitation in ceramic HP-8i,N, (from [6]); arrow C indicates cavity nucleation- “at
tr:ple point; double arrows denote grain boundary sliding; empty arrows show stress con-
centrations resulting from grain boundary shding. I
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Fi6. 6. Damage mechanism in conecrete: a) uniaxial tension, b) uniaxial compression.

lower toughness in the material mesostructure. Moreover, the energy barriers
‘produced by the grain boundaries or aggregates can arrest the propagating
‘microcrack. - Let us illustrate it on the example of plain concrete. It is
known that initial microdefects already exist within concrete prior to the
first application of loading [29]. Microscopic inspection of a non-loaded
specimen reveals that pre-load microcracks appear most frequently at the
_aggregate-matrix interfaces which are the weakest links of the concrete
mesostructure, Fig. 6a. The occurrence of the initial microcracks results
‘from the mix water migration (bleeding) during the forming process, as well
as from volume changes during hardening (shrinkage) [30]. Apply now an
‘external tensile loading, Since the critical stress intensity factor K¢ takes
the lowest value for the aggregate-matrix interface, Tabl. 2, the damage
commences in this region mainly at those aggregate facets that are oriented
perpendicularly to the load axis. The destabilized microcrack grows along the
“aggregate facet until it comes to the facet edge where it is forced to stop
by a superior toughness of the mortar. As the external tension increases,
more and more microcracks become active and a deviation from the elastic
bridge between the bond microctacks forming continuous crack patterns.
" the interfacial microcracks branch into mortar, coalesce with adjacent
" microcracks and form a continuous transverse macrocrack, The macrocrack
grows further in an unstable manner up to the final separation of the
specimen.



716 M. BASISTA

Table 2. Critical values of K; factors for plain concrete (from [2]).

* Aggregate Cement matrix | Aggrijlgt::-zcmeamx ‘
1C.
KinK?énlrix A 1 1 0.5

In the umax;al compression test, up to some 30/, of the ultimate

compressive strength f;, no significant increase in microcracking is reported
and the corresponding portion of the ¢—e curve is nearly linear. In the
stress interval of 30%80% f., the pre-existing interface microcracks start
to propagate along favourably oriented aggregate facets, Fig. 6b. Upon
reaching approximately 80% f,, mortar cracks appear. The mortar cracks
bridge between the bond microcracks forming ‘continuous crack patters
A runaway growth of the macrocracks through the mortar is next observed.
If such a crack is not arrested by a coarse aggregate on its path, the
overall fracture (in most cases-splitting) is imminent [1].
" There is still a lack: of experimental evidence from the damage-oriented
tests for brittle materials in the multiaxial stress states. Instead, a common
assumption is made;- similarly as in the uniaxial cases, that microcracking
be always driven by the tensile stresses [19, 5, 6]. Microcracks are thus
expected to grow in those planes that are aligned nearly perpendicular to
the directions of principal tensile stresses. Obviously, such an assumptlon
leads to the orthotropic symmetry of the microcrack distribution which' is
not necessarily true. Therefore, any damage model of that type is a hypo-
thesis-based theory rather than a ratlonal 1rnage “of the real brittle matenal
behav1our

- 2.2. Damage in metals

- Mechanisms - of damage in metals” and alloys “subjected to quasi- statlc
loadings are of a more complicated nafure since they essentially depend
on the temperature. Below some 0.4 Ty, where T,, denotes the meltllng
temperature, polycrystalline metals may degrade either by cleavage or |1n
a ductile way. At higher temperatures creep damage is the prmmpal
mechanism of the interpal structure degradation [31, 32]. &

Let us focus on the damage mechanisms for metals within the range
of test temperatures lower than 04 T,,. There exist two competing types
of these mechanisms: trans- or intergranular cleavage and “ductilé’ damage.
A so-called cleavage-fibrous fracture transition temperature is the main factor
‘that separates them. Transgranular cleavage is brought about by the micro-
cracks that can arise due to one of the following micromechanisms: inter-
sections of the ‘slip bands with grain boundaries, intersections of shp bands
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'a) uniaxial tension,

Fie. 7. Void format:on by partlcle nin; coppcr

b) b1ax1a1 fension’: (from [38}} R

F1G.'8. Cratking of second-phase .particie in high-strength steel (frgom [44]).

themselves, and twin intersections. Exact descriptions of these. mechanisms
arc beyond the scope of this paper and may be found elsewhere [33]
-Briftle -separation along grain boundaries (intergranular cleavage) is caused
-by the cracking of ‘brittle particles localized at the grain boundaries, due
to the dislocation pile-up [15, 34].
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Asupy [31] d1st1ngu1shes “cleavage 17, “cleavage 27, “cleavage 3” within
the grains as well as “brittle intergranular damage”. Cleavage 1 means
‘a purely brittle damage with no general plasticity as the stresses are below
the yield point. Nevertheless some microplasticity is admissible at microcrack
tips. Cleavage 1 microcracks’ always develop from pre-existing flaws, Cleavage 2
microcracking- appears when' the pre-existing microcracks are very. small
.or absent so that the stress can reach a level at which slips or twins may
be initiated. Both slips and twins can produce internal stresses that can
in turn nucleate microcracks. Cleavage. 3 mode is induced by the stresses
above the yield point. It requires: ‘higher: temperatures and it is characteristic
of large: plastic: strains present.’ Preferrcd planes of the cleavage microcrack
growth are those normal to the tensile stress direction. ..

If the testing temperature exceeds the cleavage-flbrous ‘fracture transition
temperature, a ductile type of damage usually prevails.” It consists in the
nucleation, growth’and initial coalescence of three-dimensional voids that
‘appear within the grains or less often on the grain boundaries [34, 35, 37].
Voids inside the grains nucleate at the impurity inclusions or at the second-
-phase intermetallic particles that serve as stress concentrators. As the plastic
strains in the vicinity of the particle increase, a void is formed either
by decohesion along the matrix-particle interface owing to the fact that a hard
‘particle cannot deform as easily as the matrix, Fig. 7a, b, [38, 39, 40, 41,
42-43] or by cracking of the particle itself, Fig. 8, [37, 44]. Void nucleatibn-
due to particle microcracking was studied experimentally by GURLAND
[45, 46]. He observed that in a spheroidized steel carbide particle mlcm-,
;cracklng preferentlally occurs at right angles relative to the tensile stress
axis, Fig. 9, whereas in ‘uniaxial compression these microcracks tend to lle
‘parallel to the load direction. :
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FiG. 10 Void .g.rowth in steel spé'c.ime'n (ffom [36]);

If. the fracture toughness of the matrix. is lower than that of the
“inclusion . or inclusion-matrix interface, damage may also be initiated by
fracturing of the matrix [47]. Once nucleated under uniaxial tension, voids
elongate by slip mostly in the tensile stress direction, Figs. .7 and 10. They
enlarge with an increasing stress until some critical plastic strain is attained
at - which the adjacent voids link up by a transverse local necking, This
leads to the macroscopic fracture path localized along ‘the plane normal
to 'the direction of tension [36, 31]. If the temperature is raised, a grain
‘boundary sliding occurs and the voids nucleate mainly on the grain boundaries.
A mechanism of void formation in this case consists in blocking of the
grain boundary sliding at the triple points, ledges or tougher particles
that gives rise to the concentration of stresses and, subsequently, to the
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nucleation of voids. It is worth mentioning that the grain boundary voids
nucleate mainly on those boundaries that are parallel to the direction ‘of
maximum principal tensile stress [48].

2.3. Creep damage R

In the past few years, the problem: of material damage in creep condi-
tions has intensively been investigated both experimentally and theoretically,
e [49, 50, 51,52, 53,48, 54,55, 56, 57]. oo o 1

Tt has been  experimentally confirmed that: in polycrystalline metals
subjected to creep régimes, damage initiation and accumnulation concentrate
on the grain boundaries aligned petpendicularly to the maximum tensile
stress axis [54,58, 59; 60]. Two different. types of creep-induced micto-
defects were observed: volumetric cavities, almost spherical in shape, which
are often called “rtype voids”, Fig. 11a, and sharp, ‘wedge-shaped micro-
cracks known inthe liferature as. “w-type microcracks”, Fig. 1lc. Some
authors distignish also a third group of microdefects called “angular voids”,
Fig. 11b, but these appear very rarely’ in comparison with the r-type voids
or w-type microctacks. Following a comment: by Murakami [15], the
appearance of: ‘either type of these defects: depends. on’ the material, state
of stress and temperature. Sometimes, the r-woids and w-microcracks nucleate
within the same material but then wém_iéch'raéks'-j_dééiif'f;ibre easily at lower
temperatures and higher stress levels. A prerequisite for the initiation of both
the r-voids and. w-microctacks is the grain boundary. sliding [15, 55]. The
r-voids arise as a consequence of the stress’ concentrations induced by the
disturbances in the grain boundary sliding process at certain microstructural
irregularities along grain interfaces. Evolution of the r-voids advances
according to two distinct mechanisms, namely that of diffusion and con-
densation of vacancies along the grain and that.of strain-conirolled growth;
for further information consult Bvans [32]. A potential source for the
‘w-lype microcracks nucleation are the triple junctions: They are able to
block the grain boundary sliding thus to: cause local stress concentrations
that lead to the nucleation of microcracks [15, 16, 32, 44]. o

As regards: creep damage -in polycrystalline ceramics, three - stages are
again recognized, that is: cavity initiation, cavity growth to form microcracfks
and coalescence of microcracks into macrocrack: Observations on the sintered
and hot-pressed ceramics assembled in a review paper by Tsa1 and Rar ﬁG]
suggest that the cavities nucleate at the triple junction pockets due to latge
tensile stresses brought about by the grain boundary sliding, Fig.: 5. Gla‘ésy
regions are often present at the triple junctions and at grain interfaces owing
to the way the ceramics are processed. Therefore, the cavities that nucleated
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at triple junctions grow within the thin glass film between two grains and
a microcrack is formed next as sketched in Fig. 12. After some growth
along the two grain junction; the mtcrocrack blunts apparently when faced
with an energy barrier produced by the- adJacent grain, while new micro-
cracks appear contihuously on the ‘other grain boundaties. Final fracture
is caused by the linkage of blunted mrcrocracks into a macrocrack [16].

It has already been stressed in this sectron ‘that available expertmental
data reveal an anlsotroplc character of the creep ‘damage process both'in.
metals and ceramics.: This feature of the ‘cre¢p damage may even better be
seen from the creep.  tests: carried: ou ._l_inder 'non~proportlonal loading as
noted by MURAKAM[ [15] Dyson et al [48] exammed the; grain boundary .

in': Ni i ' i : cversed torszjon They found

that solely those cavrties whrc i Were l cated' on the grain facets perpendlcular
to the tensile: stress axis perlenced ‘a substantral growth in. cither state
of stress, S]mﬂar experiments Were performed by TRAMPCZYNSKT et at. [56 57]
on copper tubes ‘acted - upon: by 4 “constant tension’ ' and cychc torsion.
Independent - developments of: two families “of mtcrocracks of the planes
corresponding to the maximum principal tensions were observed, Fig, 13.
The oriented nature of creep damage has thereby been confirmed.

24. Fatigue damage*:__:

Under the actlon of cychc loadmgs upon metals mtctrocracks can' be
initiated at free - surfaces as a consequence of local plastic deformations.

During the fatlgue process plastlc extrusions and intrusions appear and the

latter often’ transform ‘into_ microcracks, Fig. 14 Expertments show that
fatigue damage evolves in: two essent;ally distinct."stages. In stage I, the
microcracks follow the sl1p ‘bands; thus they tend to lielin the direction .
of maximum' shear; ie:’ at: approxrmately 45 degrees o the. stress axis.
As the microcrack approaches a certain characteristic leng(h ar, a transition-
from stage I to stage: I is observed. It has been ndticed that a, is
structure: dependent and is-of the order of 1015 grain diameters [62].
Stage IT:is: identified wrth the” propagation of the conventional fat1gue
-macrocrack ‘Which: grows ‘at the' right. angle to the applied tensile: stress
direction, Fig.: 15 [63, 64] In’ the low-cycle fatigue, ic. When the ‘number
of cycles to fa11ure N,. does not - exceed 10% [65], the Etage ¥ cracking
‘plays a dommant role in’ the fattgue damage-fracture process. In the high-
-cycle l‘at1gue (N >:10° ) a major part- of the fattgue life is spent on the
formation of intrusions and initiation of the stage 1 micrderacks [16].

A typical feature observed in the stage II are the ‘stnat;ons at the
-crack tip left by subsequent plastic deformations, Fig. 1’6 A mechanism
‘governing the stage IT crack growth is called “plastic blunting process”, and
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F!G.'.l'é'{_'Fatigue strations in Al-Cu-Mg alloy (from [61]}.%- .

“Has been explained” clsewhere [64]. Overall: fracture: in the. fatigue process
“takes form of single or double shear planes after a sufficient growth of the
stage II temsile crack. .=t o T :
Notches, inclusions “and second-phase *particles can "also be the sources
of fatigue damage, especially in high-strength materials sincé they are typical

stress concentrators [61]. CE A

2.5. Dynamic damage o

We shall now consider the problem of damage produced by the impulsive:
loads of high intensity and short duration, such as projectile impact, air-
-shock loading, explosion and alike. Dynamic loading of this kind induces
a so-called spall damage which has some characteristic feat‘{lres as compared
-with damages caused by the quasi-static loads [66]. Spall damage is a process
of: gradual internal degradation of a material implied by the rarefaction
“waves that follow the compressive waves resulting from the impact. In
general, it consists of the same basic phases as static dama'ge, ie. nucleation,
growth and coalescence of microcracks or voids, while loverall failure is
realized by a complete separation of a target into disjoint §elements. Ductile
spall damage that takes form of roughly spherical voids, has been observed
in copper, soft aluminium and tantalum [66]. Brittle spallation which is
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Fic. 17 Ductilé sphli damage in aluminum: target"(fréﬁl .'[6'7.}").

"associated with the development of planar microcracks occurred in less
ductile materials, such as Armco-iron, beryllium, polycarbonates [67, 68].
In one-dimensional wave propagation problems,. the spall damage usually
occupies a major part of the target volume. However, the concentration of
‘both voids and mirocracks reaches a maximum value in narrow zones
perpendicular to the impact direction and localized near the center of the
target, due to intersection of several rarefactlon tensile| waves, Figs. 17
and 18, [67, 69].
In the case of ductile spaH1ng, the voids enldrge coalesce and form
a macrocrack that runs thorugh the heavily damaged material leading to
the full separation of the impacted specimen. In brittle materlals a process
of fragmentation occurs as the microcracks begin to intetact and link up.
Fragments of various sizes are produced by the intersections of mirocracks
having different lengths. Since the fragmentation necessarﬂy involves some
voided spaces among the separated parts, the stress in the effective cross-
-section must increase in order to sustain the ‘external load This in turn
leads to the nucleation of more and more microcracks that form next new
fragments, and - the whole process reaches a seIf—acceieratmg cataclysmic
stadlum whxch ends by the complete d1smtegrat10n of the material [67].

2.6 Damage in’ composites
Damage mechanisms in initially anisotropic matetials sﬂloh as composites
are significantly different from those found in isotropic zjmd homogeneous

solids that were reviewed in the preceding sections. Faced vaith the overwhel-
ming complexity of the damage phenomena in composites, we shall in this



[728]

Fic. 18. Brittle spallz.-damage in polycarbonate (from [68]).
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section only touch the problem in question, addressing the prospective
reader to the vast body of avaﬂable llterature in this field, e.g. [70, 71,
72, 73].

' Composﬂes may be assembled in- VaI'lOllS groups dependmg on the
classification’ cr1ter10n assumed We may, - for’ example conceive: polymer-,
metal- and ceramic-matrix composites; Also; delCL}latC versus fibrous: compo-
sites are: dlstmguished Another class1ficat10n d1v1des them into’ laminate
and fibet composites. As'dn exampIe of partlcuiar materlals the following
can be mentloned carbon f1ber remforced epoxy resm glass—ﬁber mat lami-
nates, etc. il R :

Due: to the: very nature of composﬂe : 'bemg combmahon of two
diverse: constltuent new 'types of internal - degradanon appear. in- this class
of materials. In co __posﬁe':‘lammates Sub_]eCted to static) tension;: damage
can develop’ accordmg to three prmmpal mechanisms’ dcbondmg along the
fiber-matrix: interfac f._IocaI fracturmg of the fibers: resultmg from the fiber
microflaws’ growth 'mzcrocrackmg within the matrix, The flrst signs of damage
usually take the form’ of separations befween the filaments and the: matrix
in regions where the filaments are perpendicular to the load axis, Fig. 19-[74].
This behaviour is called debonding. Once it has taken place, the debonding
damage is intensified by affecting other fibers inclined at smaller angles until,
at some load, microcracking in'the matrix-appears. It was observed that

Fig. 19. Fibre debonding in mat-polyester resin laminate; tension axis-vertical (from [74]).



Fig. 20. Matrix microcracking in mat-polyester resin laminate; tensile load axis-vertical
(from [74]). . :

Fig. 21. Compression-induced damage in composite dité 'td'fibél_': bﬁckhﬁg;'loadf'dxis: horizontal
o (frorx [747)." - B N

[730]



DAMAGE MECHANICS 731

_p/._é

FiG, 22, Fa11ure modes of glass—ﬁber,"epoxy resin in compresswn test with confmmg pressure.
ons {from [75]). . |

in the resin-matrix laminates the matrix microcracking originated from the
existing sites of debonding [74]. These microcracks were also predominantly
perpendicular to the tensile load direction, Fig. 20: Debonding commenced
at some:30% of the ultimate tensile strength while matrix microcracking
occurred at.about 70/ of this strength. As the tensile lead increased,
the nucleated microcracks grew and formed a macrocrack that brought the
specimen into final separatlon

Under quasi-static compression, composites such as carbon—flber reinforced
plastics suffer a local bucklmg of fibers. It primarily. occurs on the specimen
surface and develops later on within the layers affecting more and more
individual fibres. Fiber buckhng produces a macroscopic ¢rack- that propa-
gates normal to the compressive load axis, Fig. 21. !

Just to get an idea of other possible mechanisms of the final fracture
of composites under confined and unconfined compression, we recall the
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experimental results obtained by Boenrer and Racuin [75] for the glass-fiber
reinforced laminates, Fig. 22. Two principal modes of the gross failure were
observed: “parallel mode” which can readily by seen for f= 45° 60°, 75°,
and “across mode” generally noted for the remammg valueslof the mchnanon
angle 6. R

Consider now damage in composﬂes mduced by the fat1gue process.
In metal-matrix composﬂes fatigue cracks generally nucleate at’ two sites:
free surfaces and: fﬁament matnx interfaces [76] It is known ‘that free
surfaces are the commion: sources of the fatigiie  crack” initiation in- metals.
In certain composites, ‘such as’ aluminium  reinforced with beryllium, this
type of fatigue damage: commencement dominates. However if the filaments
are brittle enough, the second source: prevalls ie. fatlgue imicrocracks may
be initiated at’ the sites ‘of - the filament fracture - and evo]ve within a metal
thus ductile matrix- to- form ‘a macrocrack; Flg 23 The‘ classical: fatigue
mechanisms is further: recognized as the macrocrack develops Eventually,
composites exhibit dommant transverse planes of weakness and overall failure
1§ imminent, - EERCEI L

FiG. 23. Development of fatigue damage in alurninium reinforced with boron | inserted: number
of cycles, single (s) and multiple (m) fractures of filament: arrows indicate fat]gue macrocrack
within matrix {from [773).
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L

Fro, 24,

Another damage mechanism can be observed in comppsites exposed to
dynamic loadings. For instance, a graphite-fiber reinforced epoxy laminate
when subjected to a low-speed impact revealed damage\mechanism that
consisted in delamination with simultaneous local bucklmg of individual
layers as sketched in Fig. 24 [77] \

3. REMARKS

Even a superficial review of the existing éx_perimentaliqaté concerning
the damage process in engineering materials reveals its compiexity‘and diverse
“nature. One general conclusion comes out quite clearly: damage develops
in all materials and all loading régimes, A strong dependence on the material
mesostructure, type of applied load, state of stress; temperature and environ-
mental conditions is observeéd. In the ~majority of materials, espec1ally, those
exhibiting some brittleness, a pronounced anisotropy of! the microcrack
nucleation and- evolution is found. 5

The second part of this report will be devoted to the |selected damage
theories published so far. An appraisal will be attempted of the capability
and limitations of these theories to record properly the mechanical behaviour
of damaged solids. -
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STRESZCZENIE

MECHANIKA USZKODZEN: PODSTAWY EKSPERYMENTALNE

Praca jest syntetycznym przegladem wynikdéw dodwiadezefi nt. powstawania i rozwoju
uszkodzen w materiatach kruchych i ciagliwych przy réznych typach zewnetrznego obcigzenia
Wykazano, #e uszkodzenie jest zjawiskiem zlozonym, bezpodrednio zaleZnym od stanu na-
prezenia, rodzaju przylozonego obcigZenia, budowy materiatu, temperatury. Podkreslono, ze
uszkodzenie wywoluje anizotropi¢ oraz niespreiyste zachowanie sig malerialéw, zwlaszeza
krachych. Przeglad wybranych teorii uszkodzenia bedzie przedmiotem drugiej czeéci pracy.

Pesiome

MEXAHWKA TOBPEXIEHWN: SKCITEPUMEHTAJBHBIE OCHOBEI

Pabora fBifeTCA CHHTETUYMECKMM ODO3PEHHEM Pe3YNBTATOB OKCICPHMCHTOB, KACAIONMHXCS
BOSHAKHOBEHHA H DA3BHTHA HOBPSKACHHE B APYIKHX W TATYYMX MATEpHaNaxX, TPH PasHbIX
THNAX BHEMTHeTo HarpyxkeHua. FloxazaHo, 9TO NOBPEXNEHME SABISETCH CIOMHBIM SABJICHHEM,
HENOCPEACTBEHAO 3aBUCAIINM OT HANPMKCHHOIO COCTOSHHA, POAA NMPHJIOKEHHOTD HATDYKEHUA,
CTPOEHAA MaTepHana, TeMOepaTyphl. IlofdepkmeaeTcs, 9TO NOBPEKICHHE BLIAGIBACT AHHIO-
TPONWIC H HEYNPYTOe ITOBEASHME MaTepHamos, ocoleHHo xpymxux. OGozpense H3OpaHHEBIX
TEOPHIH HOBpeXAERHMA OyAeT NpeaMeToM BTOPOM wacTu paBoTrr
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