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1. INTRODUCTION

The problem of kinking and branching of a ductile crack constitutes
one of the most popular problems in linear elastic fracture mechanics (LEFM),
whose complete understanding of the causes and the mechanisms of its develop-
ment still resists a satisfactory clarification and solution. The main reason
fer this difficulty is the fact that the problem lies on the border line between
micromechanics and continuum mechanics, needing information from both
sides of confrontation, which should be in congruency, thus contributing
one another for the explanation of this complicated phenomenon [1].

The theoretical approach to the problem was made either by the method
of the matched coefficients technique [2] or by using Muskhelishvili’s poten-
tial formulation and conformal mapping of the crack geometry onto the unit
circle [3].

Reference [4] introduced another more realistic approach, based on the
Mellin transform technique. The advantage of the method was its validity
all over the stress field independently of the length of the initial crack. The
Fredholm integral equation system developed from the application of the
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Mellin transform was asymptotically developed in the close vicinity of the
initial crack tip and gave satisfactory results.

All these theoretical studies could not succeed to describe decently
and in detail the branching and kinking phenomena in ductile cracks.
However, using these preliminary studies on the mode of creck curving and
branching in cases of ductile materials, a thorough study was undertaken
experimentally in this paper where a typical crack propagation in a ductile
material (polycarbonate, PC) was followed up to the complete failure of the
cracked plate, where several successive cases of branching appeared during
the crack propagation. Interesting results and an insight of the ductile frac-
tare of materials were disclosed.

2. THE BLUNTING AND KINKING PHASE OF DUCTILE CRACKS

For the study of the mode of dynamic fracture of ductile materials
the polycarbonate of bisphenol A (PCBA) was selected as convenient poly-
mer, since it presents typical properties of an elastic perfectly plastic mate-
rial [5]. Single edge-notch tensile specimens (SENT) were prepared for testing
in the loading device of the scanning electron microscope. The specimens
were of the dogbone type with overall lengths between jaws equal to 1=35mm.
Their width was w=4.9mm and their thickness varied between dmin=0.7mm
and dmax=3mm. Initial slots of length a varying between a=0.5mm and
a=4.5mm, were cut-out with a razor blade, up to the tips of the slots, so
that the ratios a/w varied between a/w=0.07 and a/w=0.6. One of the
lateral faces of the specimen was coated with a fine aluminum layer by evap-
oration. The thickness of this layer was of the order of SOK, which was
achieved with the help of a digital film-monitor system of type FTM3 of the
Edwards Co. The thin aluminum layers, besides their protective role of the
specimens from the high energy of the electron bundle of the microscope,
played also the role of sensitive indicators and trackers of the strain concen-
trations in the substrate, as well as automatic plotters of the slip-line fields
around the crack-tips.

The tests were executed in a scanning electron microscope of the type
Cambridge S4-10, equipped with a special tensile stage. The strain rates were
kept low and equal to 4=0.5mm /min. The photographic recording was
executed always on load with a rate of one frame every 5 seconds.

Photographs in the scanning electron microscope have shown that,



426 ITPAKTIKA THX: AKAAHMIAY AGHNQN

during the process of initiation and development of the kink the main crack
front through its blunting changed continuously the form and order of
singularity from a typical one for the crack tip to a weaker double singula-
rity al the corners of the blunted front which, for plane stress conditions in
ductile materials, was found experimentally to be of a rounded off polygonal

type.

3. RESULTS

The quantitative evaluation of the experiments resulted in the following
important observations related with the initiation of propagation of ductile
cracks. The phase of the stable crack growth (SCG) starts at a critical loading
step, where the blunted crack was already established, and a damaged liga-
ment, in front of the crack tip, is developed and stabilized. This phase may
be divided into two successive steps. The first step is characterized by a step-
by-step advancement of the blunted crack, by exhausting respective parts
of the damaged ligament, so that the overall length of the crack and ligament
remains stationary. In this step the crack tip opening angle is increasing
and it attains its final value of the order of 55 degrees.

Then, the progressive crack growth at the expense of the damaged
ligament is replaced by the proper steady crack growth, where the crack ad-
vances steadily, under an almost constant external load and under a constant
crack *ip opening angle (CTOA), up to a limit, where the third phase
intervenes, when a catastrophic fracture occurs [5].

The blunted cracks develop a flat front with rounded-off corners and
have their flanks deformed in an oblique shape, due to the crack-tip opening

angle (CTOA), generated before blunting. The value of the CTOA, which
was innitially of the order of 55°, after blunting and the development
of the flat- crack front is reduced to angles é varying between 6° and 120 (see
Figs. 1 and 7 and ref. [5]). The SEM micrographs reveal all these interesting
and novel phenomena, not as yet recorded and only anticipsted.

Figure 1 presents a transverse edge crack at four steps of loading. The
crack initially opens under an acute angle (Fig. 1a) and then it is blunted
(Fig. 1b,. Finally, as the loading is increased, an acute crack branch appears
from the blunted front of the crack near to one of its extremities having the
form of a feline claw (Figs. 1¢ and d).

Figure 1(a).indicates a surface pattern derived from an arrangement
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of the scanning microscope in z-modulation, where the electron bundle is
impinging the coated surface of the specimen under an oblique angle. This
arrangement has the edvantage to present in relief the irregularities of the
surface at the neighborhood of the crack. The population of voids and micro-
cavities around the crack tip is obvious, with high precipices along the crack
flanks. In this stage the material is getting set to develop some blunting at
the crack tip.

The step of fully developed blunted front of a crack is shown in Fig.
1(b). It is evident that the crack flanks have been opened and become slant,
whereas the crack front takes a flat shape with rounded - off corners. In the
same photo the slip-line field is very distinctly manifested by the crazing of
the coating layer of the specimen. It is worthwhile pointing out that families
of crazes of the coating start from the rounded corners and the oblique flanks
of the blunted crack, which intertwine in front of the crack face. The points
of the intersections of the limiting crazes lie at a distance from the crack
front equal to the front-width of the blunted cracks, d. Another important
observation concerns the tuft of parallel crazes emanating from the straight
flanks of the crack branch shown in Fig. 1(c), where the intertwined families
of crazes form canonical rhombs with angles of 40° and 140° at their corners
respectively. Moreover, in Fig. 1(d) the extent of this plastic enclave emana-
ting from the straight flank of the crack branch is indicated covering the
whole width of the specimen.

Figure 2 contains photographs taken in the SEM under z-modulation
arrangement for a transverse edge crack in a PCBA-specimen. They show
the evolution of the blunting process of the transverse crack (8=90°) where
the blunted crack front is shown in the extreme left parts of the photos.
The shape of the blunted crack is again with a flat front and rounded - off
corners. The importance of these photographs lies on the impressive appea-
rance of the formation of voids and microdefects in front of the crack face
which, at the beginning, occupies an almost circular region in-front of the crack
(Figs. 2a and b), and then develops two curved arms full of microdefects thus
forming a continuous chain (see Fig. 2¢). Note again that in front of the flat
crack face there is an almost triangular enclave where no defect has deve-
loped. Figure 2(d) presents a further step of loading where deep precipices
are developed at the circular enclave in front of the crack, as well as along
the oblique curved chains of defects. -
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Figures 3 and 4 present the evolution of blunting in oblique cracks
with angles of slantness varying between 63° and 60°. Figure 3 shows the evo-
lution of the blunted front of the crack if the external loading is increased.
The initial crack in Fig. 3(a) develops a blunted straight oblique front with
rounded - off corners, which later-on disappear changing into sharp corners
(see Fig. 3d). Figures 3(c) and (d) indicate the black zones emanating either
from the blunted crack front, or from the abdominal flank of the crack. It
will be shown later on, by tracing the slip-line field of the case, that these
zones are either zones of minimum local straining of the plate (in front of
the crack face), or elastic zones of reduced straining.

Figure 4 indicates the evolution of the slip-line field with the plastic
zones embracing and enveloping these black enclaves of Fig. 3. Figures 4(b)
and (c) present completely evoluted slip-line fields, whereas Fig. 4(d) shows
dramatical details of both families of slip-lines at the neighborhood of the
crack front and the lower flank of the crack. Finally, Fig. 5 presents the case
of a f=48° oblique crack developing under loading a blunted form at its
tip. Again the shape of its crack front at the beginning of loading was rounded-
off as indicated in Fig. 5(b) and afterwards the front of the crack took the
shape of a trapeze evoluting into the shape of a bird’s bill (see Figs. 5¢ and 5d).

Figure 6 presents the formation of slip lines developed around the tip
of an oblique crack (8=45°). The plastic enclaves around the tip are already
significantly advanced and branches already appear emanating from the
acuter corner in the trapezoidal shape of the crack. In Fig. 6(a) two tufts of
slip lines radiate from the obtuse corner and from the end of the elastic zone
existing along the abdominal flank, whereas a crack branch emenates from
the acuter corner. Figs 6(b) and (c) show the evolution of the initial slip
line field, whereas Fig. 6(d) indicates clearly and synoptically the critical
points at the intense stress concentration zones.

4. SLIP-LINE FIELDS IN BLUNTED CRACKS

The typical slip-line fields traced from the experimental evidence with
SEM micrographs are based on the usual assumptions valid for tracing these
fields by graphical and numerical methods.

Plane stress slip-line fields were traced by theoretical methods only
for the symmetric case of mode-I and the antisymmetric one for the pure
mode - IT deformation of the crack. This is because in these cases particular
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symmetric conditions are held, facilitating the solution of the problem.
However, the establishment of the slip - line field for the general mixed - mode
crack presents unsurmountable difficulties, since it necessitates the introduction
of an arbitrary assumption which must be physically admissible. The expe-
rimental evidence with SEM allows the acceptance of the most plausible
condition for the complete definition of the general slip-line field.

The experimental evidence with SEM indicated clearly that the best
assumption is to consider the sum of the angles subtended by the elastic zones
between the crack flanks and the first hind-field discontinuities, that is the
angles (IA'D) and (CB’E) of Fig. 7 to be constant.

Thus Fig. 7 presents the slip-line field of a transverse edge-crack with
f=90° when the crack is blunted. It is worthwhile indicating the striking
resemblance between the slip-line field of Fig. 7 and the field given by the
slip-lines represented by crazes of the coating in specimen shown in Fig. 1(a).

Similarly, Fig. 8 presents the slip-line field of an oblique crack under
plane-stress conditions. The angle of obliqueness is §=63°. In this case the
exponential spiral zone of the slip-line field (OAKBO) becomes shallower
than the field is with crack under mode-I of loading. Moreover, the deformed
flanks of the blunted crack present an obliquity of an angle 6=4.30°, whereas
angle ¢ for mode - I is found to be d4°=6°. Finally, the blunted oblique crack
with f=63° has its flank BC subtending an angle of 5° with its initial
position exactly the same of the angle of obliquity of the respective hind
discontinuity line.

5. CONCLUSIONS

Based on extensive experimental evidence, by using scanning electron
microscope photographs of slowly and intermittently propagating cracks in
a typically ductile material, as is the polycarbonate (PCBA), and tensile
specimens under plane-stress conditions, the following important results have
been derived:

(i) The loaded edge cracks under different angles of obliquity presented
at the beginning large openings of their flanks, consisting in the creation
of almost flat crack fronts inclined under certain angles, and angular dis-
placements of their flanks. At the first steps of loading each crack front dis-
played rounded - off corners with the flanks of the crack. This phenomenon
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resulted in a considerable reduction of the orders of singularities at these
corners.

(i) As the loading was progressed the rounded-off corners became
acute, thus increasing again the already reduced values of the respective
orders of stress singularities.

Parallel to the study of the forms of blunting of ductile cracks, a study
of the slip-line fields in blunted cracks under conditions of plane-siress was
originated and typical slip-line fields for blunted cracks with =900 and an
arbitrary value of B were generated. Since slip-line fields for cracks under
mixed mode and plane stress are as yet not completely established, these
fields, based on the experimental forms of the blunted cracks, were consid-
ered as satisfactory. Furthermore, the trends of the slip lines in typical
slip-line fields were checked adequately with the forms of crazes developed
around the crack tips in the SEM photographs.

The results of this study indicated the necessity to take into conside-
ration the changes in shape and form of the ductile cracks before fracture,
in order to accurately define an appropriate criterion for ductile fracture.
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IIEPIAHYIX

"ApBAvvolg pnypatooewy eig SAxipa péox Stk Tod AAextpovixod pixpooxomiov

Eig v épyasiav adtiy puehetdrar 6 Tpémos duBAdvocms TAV alypdv pwyuméy
elg PYYRATOREVES TAdXXG SI&X YPYOLUOTOLCEWS YPUPXBY %ol TELPAUATIXEGY pem
003wv. Al cuvbijxar gopticews T@v Thaxdv Oewpolvrar ¢ wolabrar dmunédou t&-
oewg, HTs THY Tapadoyiy bt elg 1o uérwmov e pwyuic xpatodv cuvBikat Sixppotic
wxpds Extdccms. To DAxdV T&Y Thandy Oewpeital dg EAaoTindy - &roAdtwg TAx-
oTdy xal ThaoTik®s icomapaudpewtov. Téhog Ocwpolvrar xexhpévar dxpaiot
pwypal Stxpbpwy yovidy B xAlccws, ai omolal dMulovpyolv EVTaTIXGS XATAGTE-
ostg wxtol Thmov.

‘H mepaparind) pehéty té@v évtatindy xatactacewy elg iy yeitoviav Tév
pwypdv éyéveto T Bonbela HAextpovinol uixpooxromicy capdoews tomov Cam-
bridge S4-10 év cuvdvaoud pé cdornua @opticews Tomov Stereoscan Six xavo-
movoelg elg xabupdv Eperxvopéy. To yenoiporombévra Soxipia rataoxevksbnouy
€% TOANXAPUTOVETOV, ToALUEPOTG UAxoD TapousldfovTog uMyavikiy GuTEPLPO-
pav Tpocopotalousay TtPdg EAaCTIXA-ETOAITWG TAXGTIXG DA xal idlwg wétaiia.

AV Epapupoyiic mpoodeutindds adbavopévov Epexuctixed @optiou el Tk So-
xbpi, Tepiéyovta doyxde Aokag dxpalas poypas Stapdpor ywvias xhicewg, xate-
Ypdpovto xal Euehetdvro al Sukgpopor Babuideg dmuiovpylas xal dvamtdfews T
auPriveeng T6v poypdy. Al poypal cls 8ha T Soxiwwa xareorevdoOyoay S
®o7tije u€ AemTov xomTixdv dloxov mdyovs 0.3 yLhtooTdv xal &v cuveyely mpockeTd-
Onoav cic Quoixas puypas Sk gopricems T3 Bondsia Aewrol xomTinod EAdoparog.

Ta mepapatixd droteréopata éncPefaiwoay Td cupmepdopata T& Smolu
énerelylnoav ik yupdlews Tév dvrioTolywy medlwy ypapudy dMobicews Sk Suu-
pbpoug ywviag xAicews Tig paypis »al Sk cuvlnxas Emimédou Evratinic xataoTd-
otwg elg T yertoviav &Y poyudyv. T melpapating droteréopata cuvetéleoay elg
Ty GxpPl Swpbdppway Tol wediov T@V ypapudv OSMcOiccwg 8’ duBrupévas
pLYWES, T@Y omotwy 7 palOnumatixy meprypaph elvar EAMs xal yxenler xabopi-
ool Opiopévay petafintév. *Ex 1d@v mepapdtwv xatedetyln 8ti i woped Tév
GBAIVOEWY TRV UETOTWY TGV pwyudy Sk EVTaTixly xatdoTtacty Emimédov Evrd-
ocwg elvat Sidpopog Tiig wopeiis Tiis dvopalouévns &g «lamwvixod Elgousn, duga-
viGopévns el Ty meplntwow poypdv el éninedov mapapopeuTIAY xaTdoTAGLY.
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Al popoal Tév mAacTixd@s mapapoppepévey peyudy cls Tag alyuds Tov xatadel-
xbouy TV Squrovpytay ywvidy, yeyovds mobd EmBeBardver mponyoupévas mapado-
Yog ToauTdTe petafodilc TGY dxTixdy Thocwy, mpoocopolxlodong we TaoLxa
«EAparo.

Mepartépes dmedelydn 8t al Oéoeig té@v dApdrwv clg Tag dwtvixdg tdocig
ovwvémmray pd T mopapop@opéve Yelly T@v dubrvpévey pwyudy, dote va Epun-
vebouy TANPwS %al Aoyuxde Thy Snulovpylay adtédv T@Y dhpdrwy, e bmola xat’
adtov 1OV Tpbdmov Eueavilovrar elg Ta cdvopa TEY TapapoPQOUEVEY POYRGY Xal
émopéva elvar cupPiBacta ug Ty dpyiv Tic oLveyelng TéY TdoEWY.

Sypetobron 8tu &vdeheydic pehétn 7ol Taouxol wedlov duPrupbvey pwypéy
oMetpov giocwe xal 8t Evratids xataoTdoels psiktol Timou TapovstdleTal Sud
TPOTYY Qopdy, Epunvedovca TANPKG dAag Tag GuptBorlas mepl Tol Taotxol medlov
mepl Tas poyuds Emmédov &vtatikic xatacTdocws (Aemral mhdxes) xal Sidovon
axpiPH elxbva Tob medion Tév ypauudv dAehncewe clg ta évdiapépovia adra mpo-

BMjpaTa Tie mpdEewe.



