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Abstract: Fracture mechanics is a continuum mechanics agprmadescribe cracks in materials. There are pleht
fracture mechanics concepts such as linear elatiture mechanics (LEFM), elastic-plastic fractamechanics (E-
PFM), dynamic, the time-dependent fracture meclsathiat are limited to specific loading conditionsack geometry
(length) and material behaviour. Current paperuatak applicability of a crack driving force in text of LEFM and
E-PFM for arbitrary (quasi-static) loading and gliely conditions to help engineers choose apprapriedcture
mechanics concept for their applications.

1. Introduction method to asses a crack initiation and crack grafth

Two fracture mechanics approaches are standardjnall crack are in the development [10], [11], [12]
used in LEFM — The energy release rate and thesstre ) ) i )
intensity factor. Both hold their validity for liae-elastic =~ According to a literature survey, The configuratibn
material behaviour or small scale yielding (SSYyforce concept is able to describe physically appate
conditions. The machine parts are components agEack driving force for arbitrary (quasi-staticatting and
normally designed for linear-elastic behaviour. tterthe Yielding conditions but has drawback in some pcatti
stress intensity factor is widely used concept fie t applications [5].
mechanical engineering. Due to the overloadinglacal The most work was done as part of the PhD. th&Sis [
stress/strain field around notches are machines pakinless stated other, the figures are taken frorhitBout
exposed to local plastic deformations. The E-PFNeference.
concepts are incorporated to describe behaviowudh
cracks. The crack tip opening displacement (CTOm) a 2. Crack driving force
the J-integral require additionally lower restrction the According to [1] the crack with initial length, in a
fracture mechanics tests as the stress intensitorfa loaded body will be extended if the “generalizedckr
approach [1]. The cyclic CTOD can be used fodriving force” D, is equal or larger than a “generalized
characterization of a crack growth under largeeseald crack growth resistance”
general yielding condition under cyclic loading [Rjt that
approach is limited to fracture Mode [; for Mode(tr Dyen = Ryen- 1)
Mixed Mode) are currently investigated approactiles |
crack face displacement [3]. The J-integral doe$ Nno The crack driving force is generally a loading
characterize the real crack driving force for ackrimn an  parameter for the crack that tries to elongatethek. The
elastic-plastic material behaviour even for propodl crack driving force comes from the work of the gl
cyclic loading [2], [4]. The physically appropriatack forces and (or) from the stored strain energy & kihdy.
driving force for an elastic-plastic material beioav has The crack growth resistance is a function of theeni
been derived [4]. Based on the configurational €orcang impedes the crack extension. The fracture toesghis
concept (‘modified J-integral”), the integrationnéour 5 material property and is measured by a fracture
which encloses the active plastic zone characteriie mechanics test where a sample with a sharp (pigeséat)
physically appropriate crack driving force [4] butcan  ¢rack with the initial lengthy, is loaded. In the test are
lacks in practical applications, where the activasfic easured the load point displacemerthe loadF and the
zones originates from the crack cannot be sepafeded 5.k growth extensioma. The crack driving force
other source of plastic deformation in the systém [ increases with loading andif,,,, = Ry, crack extension

The .fracture meghamcs des_cnbes as continuug .. s The crack growth toughnégs,, (Aa) is obtained
mechanics tool behaviour of physically long crackse . . S
in a similar way from an equilibriumy,, = Ry,

physically (or micromechanically) small cracks aften ; ) .
studied experimentally [6], [7], [8]. Here has togaid, that The crack growth resistance is a constant for finea

a threshold value of a small crack is an open i@leew elastic material behaviour. Then LEFM can be usE&M
can be applied also in the case when the plastiezzpis
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considerably smaller than the crack lengthand the The elastic energy release rate is expresseddoradl
sample lengthb. That condition is called small-scaleinterior crack of lengti2a. Loaded by the remote stresses
yielding (ssy) [1], see Figure 1: Gappt IN @N infinite plate as [1]:

a,b > Tpt- (2) C = naéplpla’ (4)

E
If large-scale (Isy) or general yielding conditions ) )
prevail (gy) E-PFM must be used. whereE for plane sprain is expressedias= E/(1 —v)
and for plane stres€s = E with E as the Young modulus
F andv as the Poisson number. The critical length favarg
T applied stress can be calculated as:

2y rsE,
_zrr (5)

Ay =
crit T

> .
Oappl

gy Thus, the critical applied stress for a given cracigth is:

\‘_ |Sy _ nyrsE, 6
f'". ( SS}" :\‘.— ;,.. O-appl,crit - a ( )

7 _ 2.1.2. The stress intensity factor

5 ' The stress intensity factéf is dependent generally on
7 the applied load (stress), the geometry of the laodi/the
crack lengtha [1]:

a b K = dappima fi (%%) O

'
v
-
W

where a,,,,,, = F/(BW) is the nominal stress is the
w thickness)V is the width and! is the height of the sample,
see Figure 1. The crack starts to grow analogotesly
equation (1) if the stress intensity factor (apbltress tip
field) K is equal or higher than the critical stress intgns
factor K.. Assuming plane strain state condition, the
thickness of sample must be substantial larger than
radius of the plastic zone and is according tekdressed
as (see also equation (2)):

r I i i

Figure 1 The loaded body with a crack of length a. Theyielding
conditions are distinguished by colours: green denotes small-
scaleyidding, bluelarge-scale yielding and red general scale

yidding.

2
21.  Crackdrivingforcein LEFM a,b,B > 2.5, (8)
The two following approaches are strictly restricte s
LEFM and the ssy regime resp. — elastic energpseleate

- ; whereoy ¢ is the yield strength of the material.
G and stress intensity facta.

The stress intensity factor rang& can be in many
cases related to the crack extension per load ©fcke
fatigue crackda/dN but again LEFM (ssy) must be
applicable [2].

2.1.1. The elastic energy release rate

The elastic energy release rate concept is usefbbid
metals, composites with metal and ceramic matraxgdh
strength metals and for materials where the plastie is
negligible (LEFM or ssy regime) and is not changin% . .
during the crack growth. Then the crack growthstesice 2-2-  Crack driving forcein E-PFM
is equal twice specific surface energy and a specific 2.2.1. The crack tip opening displacement (CTOD)

: . ) CTOD characterizes the intensity of the near-tip field
plastic work for building the fracture surfagg [1] also in cases where LEFM is not applicable [1]. Treek

_ _ grows in analogy to equation (1) if CTQDis equal or
Rers = 2¥prs = 20t +¥p)- ®) higher than critical CTOLS,. The§, is taken atAa =
0.2mm. To characterize the intensity of the near-tijpdfie
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via CTOD the crack and the sample length as wethas different crack lengths, see Figure 2. Followingl][1

sample thickness must be much larger #hafi]: assumed is a homogeneous body with non-linearielast
material properties. Plane strain condition androlame
a,b,B =6,. (9) forces are imposed on the body. The crack lies-in x

direction in the body. For those assumptions tirgedral
The cyclic crack tip opening displacemett§, = is [1], [14]:
Ot max — Ormin, CaAN be expressed in form of the stress

intensity factor rangAK according to [2] as: J=1. (q)dy —T, ?ds) e (11)
x Bda
2
AS, =x (ZA:G) ) (10)  wherer is the curve around the crack tis, is the element
y

on the curvel', u;, is the displacement vectdF; is the

wherex is a constant and is approximately equdl.5ofor traction vectorp Is the potential ~energy of the body. The
plane stress ar5 for plane straing,, is the yield stress. deformation energy in the body is defined as [14]{

Eij
2.2.2. The J-integral ® = [,V 0;dey;. (12)
The J-integraimeasures the difference of the potential
energy of two identical non-linear elastic bodieghw

Frov F 4

I
b
-
w
L 3 dv v
a) b)
Figure 2 Non-linear dastic body with the crack of two lengths (a). The J-integral is measure of a difference in the potential

energy (b).

Similarly to the previous methods, crack grows escu sample size is in order of magnitude smaller thhatvis
if ] > J.. For the J-concept to be validrequires much less necessary for a correct determinatiorkof
strict criteria have to be satisfied to the resitits of the Hutchinson, Rice and Rosengren showed that
K or the CTOD concept, see equations (8, 9) and aoenp characterizes the intensity of the crack tip fieldelastic-
with equation (13), [1]: plastic materials (so-called HRR field). Deformatio
plasticity and power-law hardening are assumedn The
B =1, (13) strain energy density near the crack tip follows th
relationship®~J/r and the stress and strain components
where 1,, is the length of the process zonlg, is are given by [1]:
proportional to CTOD/,,, ~ (2 + 3)&. Thus this method
. L 1/(N+1)
is useful for a correct determination of the crgckwth 0y = (E_fz) (N, 8), (14)
resistance/, of a low strength material. The required *ROCGINT Y
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N/(N+1)
) ),

]

where the stresses and strains are dependent qoltre
coordinateqr, 8) with respect to the crack tipy,
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proposed as a parameter characterizing the cramktiyr
rateda/dN of fatigue cracks for cases whek& is not
applicable anymore.

. _ . IS& 223. The configurational force concept
dimensionless constamt, is a reference stress and is equal

The configurational force conceps based on a

to the yield strength for a smadk,, €, is a reference strain thermodynamic framework and Eshelby’s  energy

(g0 = 0,/E), N is a hardening parameter with value bf
for a linear elastic material description andior an ideally
plastic material description. The parameigrand the
functionsai;, 5, are tabulated as a function éf

The conventional J-integral is not appropriaterfon-
proportional cyclic loading and does not charaztethe
real crack driving force for a crack in an elaglastic
material [4]. The experimental cyclic J-integhdF*? was

E -

a)

momentum tensor. The concept is able to accounarfor
incremental theory of plasticity. Another concepig
previously mentioned J-integral is developed based
deformation theory of plasticity. It has been shawiji2]
[15] [16] that a calculated crack driving force édon the
deformation theory leads to incorrect results irclicy
loading. The principle difference between the tivedries
of plasticity is shown in Figure. 3.

e
b)

Figure 3 The stress-strain behaviour of the material described by deformation theory of plasticity is (a); the behaviour using
incremental theory of plagticity (b).

The plastic strain in the deformation theory ofsikzity
is described as a function of equivalent strgjn~ o,
which is in effect a description for a non-linedastic
material, see Figure 3a and [1]. The incrementbr of
plasticity describes an increment of plastic straga

written for the deformation theory of plasticityofmlinear
elastic material description) as:

friel = —y(pI — FTS) (16)

function of the equivalent stresés, ~ o,,, see Figure 3b and for the incremental theory of plasticity as:

and [1]. The two descriptions of the plastic strasults in
different energy considerations as can be seemeiratea
below the stress-strain curve, see Figure 4 anf Tie

fer = —v(&,, I — FTS), (17)

whole strain energy densi#y below the stress-strain curvewherel is the unit tenso"is the transposed deformation
can be divided into an elastic part, and a plastic part gradient tensof is the first Piola-Kirchhoff stress tensor.
@,,. Then the configurational body force vector can be
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Figure 5 Sketch of the crack driving force vector which
originates fromthe crack tip. The unit vectors are chosenin
order to plot the crack driving force as function of the crack
modes. Aa represents a virtual crack growth extension only

when the crack driving force related to the crack Mode | /7

tip,
supports crack growth.

Figure 4 The energy consideration below the stress-strain curve.
The whole area below the red curve represents the energy
consideration according to the deformation theory of pladticity.
The blue part represents the energy consideration of the
incremental theory of pladticity. The plastic part of the strain
energy density (white) is consumed during plastic deformation
and only the dastic part is available for driving the crack.

3. Evaluation of the crack driving force

approaches

The evaluated fracture mechanics (crack drivingepr
approaches are summarised in Table 1. The endapsee
rate and the stress intensity factor are restritiddEFM
or SSY, while other approaches can be used in E-HRk
configurational force concept is not restricted for
monotonic loading and can be used for arbitraryaggu
static) loading and yielding conditions (denotescydic
plastic loading in the Table 1).

The thermodynamic crack driving force for stie
plastic materials along an arbitrary integratiomtoar I
(here shown for a crack driving force which origem
from the crack tip contouf. - 0 = ]fi’z’, is expressed as

[15]:

]fg’i =€ fpr(d)ell - FTS) mdl, (18)
wheree; is the unit vector related to the chosen directio
of the local coordinate system of the crack, seereb;m
is the unit normal vector on the integration comtuand
dl is the infinitesimal small length on the circundiecel..

Table 1 Regime of the validity of various fracture mechanics
approaches

Loading Parameter for the
Crack

Elastic energy release

. rate G (J/m?)
Linear .

elasticity

Regime of Validity

linear elastic fracture
mechanics (LEFM)
small-scale yielding

Stress intensity factor K
(Nm-2)

LEFM
small-scale yielding

Crack tip opening + small-scale yielding
displacement (CTOD) & + large-scale yielding
(mm) + general yielding

J-integral J (J/m?)

LEFM
small-scale yielding

General ol
; : : large-scale yieldin
usage No cyelic plastic loading gegeral yielzing 9
Configurational force + LEFM
concept J° (J/m2) + small-scale yielding
; : ; + large-scale yielding
Cyclicplasticloading | . general yielding
~5~
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Conclusion the cracking behavior in polycrystalline superalloy
Crack driving force concepts are described anduaved Inconel 718Materials Characterization, Vol. 132, pp.

in regard to LEFM and E-PFM in the paper. The regoh 175-186, 2017.
their validity are summarised in the table. Thd9] ZERBST, U., VORMWALD, M. PIPPAN, R,

configurational force concept is able to handlehwit GANSER, H.P., SARRAZIN-BAUDOUX, Ch.,

arbitrary (quasi-static) loading and yielding cdiutis. In MADIA, M.: About the fatigue crack propagation

the introduction is discussed limitation of theceptinthe ~ threshold of metals as a design criterion — A nevie

practical applications. Engineering Fracture Mechanics, Vol. 153, pp. 190-

243, 2016.
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