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Abstract. In this paper a fracture criterion is proposed for cracked cylindrical samples of high-strength
prestressing steels of different yield strength. The surface crack is assumed to be semi-elliptical, a
geometry very adequate to model sharp defects produced by any subcritical mechanism of cracking:
mechanical fatigue, stress-corrosion cracking, hydrogen embrittlement or corrosion fatigue. Two fracture
criteria with different meanings are consideredjlebal (energetic) criterion based on the energy release

rate G, and alocal (stress) criterion based on the stress intensity faktorThe advantages and
disadvantages of both criteria for engineering design are discussed in this paper on the basis of many
experimental results of fracture tests on cracked wires of high-strength prestressing steels of different yield
strength and with different degrees of strength anisotropy.

Key words: high-strength steel; cracked cylindrical bars; stress intensity factor; energy release rate;
fracture criterion.

1. Introduction

In the framework of damage tolerance analyses in structural engineering, a problem of major
concern is the formulation of a fracture criterion useful for engineering design against catastrophic
failure (Barsom and Rolfe 1987). This is particularly important in the case of high-strength structural
members in the form of bars, wires, strands, tendons and cables (e.g., high-strength steels for
reinforcing and prestressing concrete) which are axially loaded under very severe loads (Elices 1985)
and can suffer fatigue (Elicest al 1994) or stress corrosion cracking (Parkitsal. 1982), thus
increasing the risk of catastrophic failure and reducing the structural life (Valiente and Elices 1998).

The fracture problem of a cracked cylindrical bar of high-strength prestressing steel has been
addressed in some pioneering works performed in the second half of the 70s decade. To the author’s
knowledge, the first fracture mechanics approach to the problem of catastrophic failure in
prestressing steel wires was the Ph.D. Thesis defended by Astiz (1976) in the Civil Engineering
School of the Polytechnic University of Madrid under the direction of Prof. Elices. Later,
Athanassiadis defended his Doctoral Thesis on this topic at the end of 1978, the main results being
published by Athanassiadis (1979) and Athanassitdid (1981). Further research was performed
in a new Ph.D. Thesis defended by Valiente (1980) and directed by Prof. Elices. After this date, it is

1 Professor



210 J. Toribio

Fig. 1 Geometry of the cracked bar

worth mentioning an interesting work by Astizal (1986) to ascertain the validity of a generalized
Irwin criterion for cracked cylindrical bars at cryogenic temperatw®@C) at which the
specimens exhibited brittle fracture and linear elastic fracture mechanics (LEFM) behaviour.

This paper focuses on the question of the most adequate fracture criterion for high-strength steel
bars subjected to transverse cracking, i.e., when a surface mode | crack -probably of quasi-elliptic
shape- appears in the plane perpendicular to the main axis of the bar as a consequence of the
combined effect of mechanical and environmental actions. Although this issue has received attention
in the past, the question is far from being fully understood, specially when the fracture process is
not purely brittle. The present paper tries to clarify this important point on the basis of a broad
experimental program on steels which have undergone different levels of cold drawing, so that the
fracture criteria analyzed here account for the role of the yield strength of the material (strain
hardening effect) and of the degree of anisotropy induced by cold drawing (microstructural
orientation effect).

2. Problem statement

2.1 On the stress intensity factor K,

In the estimation of the safe service life of cracked bars, a pre-requisite is the knowledge of the
stress intensity factoK; for the considered geometry and loading mode: a cylinder subjected to

tension with a part-through crack (assumed to be semi-elliptical) perpendicular to the tensile loading
direction, i.e., loaded in mode |, as is shown in Fig. 1. In this case, some difficulties arise because



A fracture criterion for high-strength steel cracked bars 211

(@)

Fig. 2 Fracture modes in slightly drawn (a) and heavily drawn (b) steels; f: fatigue precrack; I: mode |
cracking; Il: propagation step with mixed mode cracking; F: final fracture

of the three-dimensional (3D) nature of the surface crack, causing the stress intensity factor to
change along the crack front. This factor is a function of the crack depth, the crack aspect ratio and
the position on the crack border, i.e.,

K, =K, (a/D, a/b, 9 (1)

wherea is the crack depth (minor axis of the ellipde)the other dimension of the crack (major
axis of the ellipse)D the diameter of the bar asdhe curvilinear coordinate marking the position
of the specific point at the crack front (cf. Fig. 1).

A dimensionless stress intensity factomay also be defined as:

Y = K/oJm 2
o being the remote axial stress on the cross section of the bar (uniform distribution of stress):
0 = 4F/TD? (3)

whereF is the tensile load applied on the cylinder.

Most of the K-solutions applicable to cracked cylindrical bars have been calculated by the finite
element method. References published by Dastudl (1978) and Daoud and Cartwright (1984,
1985) present numerical computationskpty using a plane stress finite element model of variable
width to model the cross section (pseudo three-dimensional analysis). Many papers (Blackburn
1976, Astiz and Elices 1980, Salah el din and Lovegrove 1981, Astiz 1986, Ng and Fenner 1988,
Carpinteri 1992a, 1992b) deal with K-solutions for a cracked cylinder obtained by means of 3D
finite element analyses (the most frequent method for computing stress intensity factors), whereas
Athanassiadis (1979) and Athanassiaglisal. (1981) present results for the same body using the
boundary integral equation method. Daaidal (1978) and Bush (1976, 1981) use a compliance
experimental method to obtal.

An important point is to know the variation &f along the crack line. Depending on the crack
aspect ratio of the ellips&; will be maximum or minimum at the center of the crack line (deepest
point). This is a fact which has to be taken into account in fatigue crack propagation problems or in
any problem of fracture mechanics where it is required to know the maximum vadualohg the
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crack front. For the semi-elliptical cracks obtained in the experimental programme (see next section
of this paper) the aspect ratio wa < 1 in all cases and thus the maximum stress intensity value
was achieved always at the crack center, according to the results given by Astiz (1986).

Another key point in this 3D problem is the stress-strain state in the neighbourhood of the crack
border which may be between plane stress and plane strain considering the normal plane to the
crack line at a specific point. With regard to this, the hypothesis of a plane strain situation in the
vicinity of the crack front has been justified theoretically (Bui 1977) and numerically (Astiz 1976,
Athanassiadis 1979, Athanassiadisal. 1981). However, there is a loss of constraint and triaxiality
at points of the crack near the free surface, as addressed by Sih and Lee (1989) in paper where the
stress state and the strain energy density near the free surface are calculated. From the physical
point of view, the loss of triaxiality can even change the microscopic mode of fracture form ductile
(micro-void coalescengeto brittle leavage-like as shown by Toribio (1997) in the case of
fracture tests on axisymmetric notched samples of high strength pearlitic steel similar to those used
in the present work.

2.2 On the fracture criterion

The fracture criterion used in this work is that based on the stress intensity factor in the
framework of LEFM principles, i.eK, = Kic. However, two formulations will be used, one of them
global (energy-based) and the other one local (stress-based) to ascertain which describes with more
accuracy the fracture process in a 3D complex geometry like that of the cracked bar. These two
approaches have been proposed in previous research, although no definitive conclusion has been
drawn as to which in more adequate for describing the fracture process in cracked cylindrical bars.
The global formulation was used by Athanassiadis (1979), Valiente (1980), Athanassiatlis
(1981) and Elices (1985) while the local one was proposed by D’Escatha and Labbens (1978), Bui
and Dang Van (1979), Astiet al (1986) and Valiente and Elices (1998). In this paper both
approaches are reviewed and applied to a broad range of fracture tests on prestressing steel bars.

Firstly, a global fracture criterion may be formulated on the basis of energetic considerations,
using either the strain energy release rate concept or the specimen compliance (related to the former
by a one-to-one relationship). According to this criterion, fracture will take place when the energy
release rate reaches a critical value.

For a given geometry, it represents a single-parameter approach, since the energy release rate (or,
accordingly, the compliance) for the considered geometry and loading mode (cf. Fig. 1) depends
only on the crack depth Thus an average value of the energy releaseGiagdong the crack front
may be computed as follows (Athanassiadis 1979, Athanasstaalis1981, Elices 1985).

- 1*5K|2
G = 25LE,ds 4

whereE' is the generalized Young's modulus, E8., E in plane stress (bar surface) aid E/=
(1-v? in plane strain (crack center). The single asterisk stands to emphasize that only one
geometric parameter (the crack deg}hs required.

Another possibility is to evaluate the specimen compliance and calculate from it the energy
release rate and thus the stress intensity factor. This method was used by Valiente (1980), leading to
the following expression of the stress intensity factor:
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K, = Y*(a/D)oJ/ma (5)

where o is the remote axial stress (far from the crack), a the crack depthy'gadD) a
dimensionless function given by:

Y'(a/D) = [0.473~- 3.286@/D) + 14.7976/D)?|*4(a/D) - (a/D)7™* (6)

This function was obtained by a finite element computation of the compliance in a cracked
cylinder with a straight-fronted edge crack. Again a single asterisk is used to indicate that only one
geometric parameter (the crack depgjhis required, i.e., it is a simplified approach in which the
aspect ratioa/b and the curvilinear coordinate are not considered, the former because a
representative geometry (the cylinder with a straight-fronted edge crack) is employed, and the latter
due to the global character of the fracture criterion according to which failure takes place when a
critical condition for thewvhole crackis achieved.

From the results presented by Valiente (1980) using precracked rods of different materials, it may
be concluded that global criteria seem to be more adequate in fracture situations with a certain
degree of plasticity, i.e., when not purely brittle materials are involved and the microscopic fracture
process develops by a micro-void coalescence over a certain area.

Secondly, docal fracture criterion may be considered. This criterion was rigourously formulated
by D’Escatha and Labbens (1978) and Bui and Dang Van (1979) in the form:

SupK,(s) = K¢ (7)

wheres is the curvilinear coordinate marking the position of the specific point on the crack front
(cf. Fig. 1) and™ is the domain, i.e., the crack line. Expression (7) indicates that fracture takes place
when the maximum stress intensity factor along the crack curve reaches a critical value, i.e., a local
instability at a certain point produces the catastrophic fracture of the overall cylinder.

To apply this local fracture criterion, a biparametric K-solution (depending not only on the crack
depth but also on the crack aspect ratio) is required at any point of the crack. For the geometry
under consideration, i.e., a cracked cylinder in tension with a part-through crack of semi-elliptical
shape (Fig. 1), it was obtained by Astiz (1986) by the finite element method using singular elements
and virtual crack extension technigue to compute the stress intensity factor at any point of the crack
front, and particularly at the crack center (i.e.sat0 where the maximum value is achieved for
aspect rati@/b < 1):

K =Y (a/D,a/b)o/ma (8)
A double asterisk is used to indicate that two parameters (the relative crackafe@thd the

crack aspect ratia/b) are needed. In this case the dimensionless stress intensity factor is expressed
by Astiz (1986):

Y (a/D,a/b) = i iCij(a/D)i(a/b)j 9)
129 1=0

and the coefficient§; are given in Table 1.
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Table 1 Values o€; to compute the local stress intensity fadtor

Cij J =0 j =1 J =2 J =3
i=0 1.118 -0.171 -0.339 0.130
i=2 1.405 5.902 -9.057 3.032
i=3 3.891 -20.370 23.217 —7.555
i=4 8.328 21.895 -36.992 12.676

This local criterion is formulated on the basis of pure stress considerations, and it seems to be
adequate for brittle fracture (e.g., cleavage-like or low temperature). It has been successfully applied
to the fracture of reinforcing steel displaying linear-elastic behaviour and brittle fracture at low
temperature (Astizet al 1986) and of cracked cylindrical bars of prestressing steel exhibiting
cleavage-like fracture at room temperature (Valiente and Elices 1998). In the former caset @stiz
1986) the critical value of the stress intensity factor in the cracked bar was in agreement with the
fracture toughness obtained from a standard fracture toughness test on a compact tension specimen.

3. Experimental programme
3.1 Experimental procedure

A high strength eutectoid steel supplied from commercial stock by EMESA TREFILERIA (La
Corufia, Spain) was used in this work. The chemical composition is given in Table 2. Different
degrees of cold drawing were analyzed, associated with intermediate steps of the manufacturing
process from the hot rolled bar (steel AO which is not cold drawn at all) to the prestressing steel

Table 2 Chemical composition (wt %) of the steel

C Mn Si P S Cr \Y Al
0.80 0.69 0.23 0.012 0.009 0.265 0.060 0.004

Table 3 Nomenclature, diameter reduction and mechanical properties of the steels

Steel A0 Al A2 A3 A4 A5 A6
Di (mm) 12.00 10.80 9.75 8.90 8.15 7.50 7.00
Di/Dg 1 0.90 0.81 0.74 0.68 0.62 0.58
E (GPa) 197.4 201.4 203.5 197.3 196.7 202.4 198.8
oy (GPa) 0.686 1.100 1.157 1.212 1.239 1.271 1.506
Or(GPa) 1.175 1.294 1.347 1.509 1521 1.526 1.762
P(GPa) 1.98 2.26 2.33 2.49 2.50 2.74 2.34
n 5.89 8.61 8.70 8.45 8.69 7.98 11.49

E: Young's modulusgy: yield strengthg g ultimate tensile stress (UTS)
P, n: Ramberg-Osgood parametegs: g /E + (g /P)"



A fracture criterion for high-strength steel cracked bars 215

wire (steel A6 which has undergone six passes of cold drawing and represents the final commercial
product). Table 3 gives the nomenclature and diameter of all the steel wires, so the number of
drawing steps applied to each one is indicated by the digit in its own name.

Cylindrical samples of 30 cm were made by cutting the steel wires. A starter notch was produced
by means of a jewellers’ file in a plane perpendicular to the wire axis. Samples were subjected to
axial fatigue (tensile loading/unloading in the direction of the wire axis) to produce a precrack
before the fracture test. The precracking programme was designed so that the maximum stress
intensity factor at the final stage (just before the fracture test) never exceeded 60% of the critical
stress intensity factor reached at final failure. This condition was checked after each fracture test to
reject those specimens precracked at higher loads.

After fatigue precracking, the cracked rods (Fig. 1) were subjected to monotonic tensile loading
up to fracture at a crosshead speed of 3 mm/min. The load applied on the specimen and the relative
displacement of two points symmetrically placed in relation to the crack plane were continuously
monitored during the test, the first by means of load cell and the second using an extensometer
(whose gage length was 12.5 mm) placed in front of the crack, so as to record the complete load-
displacement plot.

A total number of 37 fracture tests were performed, more or less uniformly distributed among alll
wire diameters (i.e., among all degrees of cold drawing), although fewer tests were conducted on
the intermediate levels of cold drawing due to the scarcity of material from these stages of the
manufacturing route. Nevertheless, at least three replicate tests were made for each material
condition (degree of drawing).

Since all the tests were performed on the same family of steels with identical chemical
composition, no metallurgical variables are involved in this study and thus the main objective of the
research, the establishment of a fracture criterion for cracked cylindrical wires of high-strenght steel,
may be achieved, accounting for the role of the yield strength of the material (strain hardening
effect) and the degree of anisotropy induced by cold drawing (microstructural orientation effect).

3.2 Experimental results

As is shown in Fig. 2, while the fracture behaviour of slightly drawn steels (A0-A3) was isotropic,
the most heavily drawn steels (A4 to A6) exhibited anisotropic fracture behaviour with crack
deflection. Therefore, crack propagates in mode | over the whole fracture area in slightly drawn
steels, whereas in heavily drawn steels a mixed mode appears with a propagation step otiented 90
in relation to the initial propagation direction by fatigue in mode |. Thiss®)p is thus parallel to
the wire axis or cold drawing direction, a consequence of the marked microstructural orientation
induced in the pearlitic colonies and lamellae of the steels by the manufacturing process in the form
of progressive cold drawing (Ovejero 1998, Toribio and Ovejero 1998a, 1998b).

A fractographic analysis (Toledano 1998, Toribio and Toledano 1998, 2000) revealed that the
fracture micromechanisms also depend on the cold drawing level, from predominant cleavage
(brittle) in slightly drawn steels to predominant micro-void coalescence (ductile) in heavily drawn
steels. This evolution from brittle to ductile microscopic mode of fracture is not sudden, but takes
place progressively as the degree of cold drawing increases.

The load-displacement plots during the fracture tests exhibited a monotonously increasing aspect
up to final fracture with no decrease in load, and this was independent of the degree of cold
drawing. Nevertheless, the appearance of the load-displacement plot during the fracture tests was



216 J. Toribio

50

40 | (@) )

30 -

F (kN)

20 -

10 -

0 0,1 0,2
u (mm)

Fig. 3 Double recording of load vs. displacement in a test on steel A6 with two extensometers, one at the
crack mouth (1) and the other on the opposite side ahead of the crack tip (2)

seen to depend on the strain hardening level, with a general evolution from a linear plot associated
with elastic behaviour up to fracture in slightly drawn steels to non-linear (clearly curved) load-
displacement plot in heavily drawn steels.

In heavily drawn steels the presence of th&s#p can explain the non-linear part of the load-
displacement curve, and this hypothesis was experimentally checked by performing a fracture test
with continuous recording of two displacement signals by means of two extensometers placed
symmetrically in relation to the crack plane, one of them in front of the crack mouth and the other
in the opposite position (at the other side of the diameter). Fig. 3 shows the double plot of load
versus displacement for the two extensometers in a fracture tests on steel A6 (heavily drawn). A
clear bending effect -of geometrical nature- is observed in the specimen as a consequence of the
9(P-step associated withop-in phenomenon. Thus, while the displacement signal measured by the
extensometer numer 1 (that located in front of the crark mouth) increases very much, the other
signal (that of extensometer number 2 placed at the opposite position) remains quasi-constant or
only slightly increasing, which indicates that the bending produced by the step (and the subsequent
mixed mode propagation) is the reason for the non-linear behaviour of the samples.

4. Discussion
4.1 Methods for evaluation of the critical stress intensity factor

In the load-displacement plots of heavily drawn steels (cf. Fig. 3), two characteristic load levels
may be defined:
(i) The level Fy at which the pop-in takes place and th&-@@pagation step appears, i.e., the
instant of fracture initiation.
(i) The maximum loadFm.« in the load-displacement plot, i.e., the instability point associated
with final fracture.
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Fig. 4 Critical values of the stress intensity factor Fig. 5 Standard deviations,., associated with the
results of Fig. 4

It should be noticed that in slightly drawn steels there is no pop-in, and thus the fracture initiation
coincides with the instant of final fracturBy(= Fmay).
In addition, two expressions of the stress intensity factor may be used for the geometry and
loading mode under consideration:
(i) A uniparametric expressiorKf a/D) of the stress intensity factor (5) related to a global
(energy-based) fracture criterion.
(i) A biparametric expressioKf* alD, a/b) of the stress intensity factor (8) linked with a local

(stress-based) fracture criterion.
Therefore, four characteristic stress intensity values -candidates to fracture toughness of the

considered steels- may be evaluated from the test results:

0] KTY: evaluated as the uniparametr(c*; level at fracture initiation (pop-in) using thé-Joad
and the fatigue crack dep#h
(i) Ky: evaluated as the biparametiiG ~ level at fracture initiaion (pop-in) using theFipad
the fatigue crack depth and the aspect raten'h
(iii) Kl*max: evaluated as the uniparametrlél* level at the final fracture instant using the
maximum loadF.x and the fatigue crack depsh
(iv) Ka evaluated as the biparamet¢  level at the final fracture instant using the maximum

load Fay the fatigue crack depthand the aspect ratayb.
Fig. 4 shows the four critical values of the stress intensity factor and Fig. 5 their corresponding
statistical errors in the form of standard deviatipn defined as:

(10)

wherex; is any measure the average value amdthe total number of measures.
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4.2 Slightly drawn steels (from AO to A3)

These are the steels with the most isotropic and brittle behaviour. In this case the initiatign load
coincides with the maximum orfe,., and accordingly, there is no difference between the stress
intensity valueK,y andKmax With regard to the distinction between the two fracture criteria (global
and local), the following points should be emphasized:

- The measured fracture toughness is more reliable using the local stress intensity factor at the
deepest point of the crack (central position) rather than the global stress intensity factor for the
whole cracked geometry, since the standard deviation of the measures is lower in the first case
(between 2 and 4 MPa'ff) than in the second one (between 4 and 7 MP3. m

- The use of a global stress intensity factor based on a single crack geometry parameter (the crack
depth a) overestimates slightly the evaluated fracture toughness value if compared to the
evaluation through a biparametric expression of the local stress intensity factor accounting for
both the depth and the aspect ratio of the crack.

- The reason for this may be the overestimation of the cracked area in the cross section of the
cylinder when the global expression of stress intensity factor is used, since it assumes an edge
crack with a straight front, obviously deeper than the real semi-elliptical cracks at any point
other than that of the center position.

4.3 Heavily drawn steels (from A4 to A6)

These are the steels with the most anisotropic and ductile behaviour, and the situation is not so
clear due to the mixed mode stress state caused by Ystep0In this case the maximum |daghy
associated with final catastrophic failure exceeds clearly the initiationHpas$sociated with the
instant of pop-in and the formation of the®@fep. In the matter of the fracture criteria, the
following comments may be made:

- The measured toughness for fracture initiation can be evaluated using either of the expressions
for the stress intensity factor: the global one (5) or the local one (8), since the standard deviation
is really similar in both cases. Thus the choice of the fracture criterion is not relevant to the
matter of fracture initiation.

- With regard to final fracture at maximum load, the standard deviation errors are in general lower
when using a global fracture criterion with a single-parameter stress intensity factor than when
using a local fracture criterion and a two-paramkiemhich indicates that the former seems to
be more adequate for fracture processes which are not purely brittle.

- As in the case of slightly drawn steels and for the same reason, again the global K-expression
overestimates the characteristic value of the fracture toughness. However, in this case there is a
ductile subcritical crack growth by micro-void coalescence (Toribio and Toledano 1998) which
makes the crack front tend to a straight-fronted edge shape.

4.4 Global versus local fracture criterion

A local fracture criterion seems to be the more adequate for brittle failure (taking place in slightly
drawn steels). This is consistent with a micromechanism of fracture oivéhkest linktype,
according to which fracture occurs when a single point reaches the critical condition and the
fracture of this unit promotes the failure of the overall specimen. This unit is the weakest link which
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plays the role of fracture initiator or promoter.
Thus, for slightly drawn steels breaking in purely brittle mode:

Kic = Kiy = Kimax (11)

i.e., the critical stress intensity factor (fracture toughness) at the moment of failure may be evaluated
using the expression (8). In this case there is no difference between fracture initiation and final
fracture.

Conversely, a global fracture criterion appears to be more suitable for ductile failure, or brittle
failure after a previous ductile development in heavily drawn steels, which is consistent with a
micromechanism of fracture of thocess zonéype, according to which fracture occurs when the
critical condition is reached over a certain area: the process zone, damaged area or fracture initiation
region.

Thus, for heavily drawn steels breaking in a more ductile mode, the critical stress intensity factor
for fractureinitiaton is:

Kie = Kiy (12)
and forfinal fracture:
K2 = Kimax (13)

i.e., the characteristic stress intensity factors for fracture initiation and final fracture may be
evaluated using the expression (5). It should be noticed that the characteristic value (13) is only an
engineering estimation, but not a material property, since it is determined as if the crack propagated
in mode |, in spite of the presence of thé-8@p (mixed mode propagation) which governs the
non-linear portion of the load-displacement plot.

Apart from its adequacy for more ductile fracture processes, the global fracture criterion may be
capable of accounting for the anisotropic fracture behaviour caused by the markedly oriented
microstructure (in a direction parallel to the wire axis) of heavily drawn steels as a consequence of
the drawing process (cf. Toribio and Ovejero 1998a, 1998h). Therefore, this global criterion could
be useful for fracture processes in high-strength steel cracked wires with a certain degree of ductility
and anisotropy, which is fully consistent with the results obtained by Valiente (1980).

In spite of the fact that a global criterion describes better the fracture process in heavily drawn
steels, the use of a local one could be considered as a conservative approach to damage tolerance
design of structural elements in wire form which can suffer fatigue or stress-corrosion cracking.
Thus, for the sake of uniqueness, a common fracture criterion -valid for any degree of cold drawing
in high-strength steel wires- could be formulated on the basis of a local stress intensity factor (8) in
the following form:

Fracture will take place when the maximum stress intensity factor at any point of the
crack front reaches a critical value which can be considered as a material property: the
fracture toughness in slightly drawn steels or the critical stress intensity factor for fracture
initiation in heavily drawn steels.
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5. Conclusions

Two fracture criteria may be formulated for cracked samples of high-strength cold drawn steel: a
global (energetic) criterion based on the energy releasestaded alocal (stress) criterion based on
the stress intensity factd€,. It is seen that the more adequate criterion depends on the degree of
cold drawing.

In slightly drawn steels (which behave isotropically) the fracture process develops in a brittle
manner, so that #ocal fracture criterion may be formulated for this case on the basis of the
maximum value of the stress intensity factor at any point of the crack front. This criterion is
consistent with a microscopic mode of fracture ofwleakest-linkype.

In heavily drawn steels (which exhibit anisotropic fracture behaviour) the fracture process
develops in a more ductile manner, so thgiadal fracture criterion may be used in this case on
the basis of the global value of the stress intensity factor (or, accordingly, the energy release rate). It
is consistent with a microscopic fracture mode based oprticess zoneoncept.
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