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MpeacTasneHbl pesynbTaThbl KOMIIEKCHOMO pacye THO-3KCMEPUMEHTabHONO MCCMefoBaHNa Mexa-
HM3Ma PacnpoC TPaHEHNs TPELLYHbI Ha HAYaNbHOM 3Tare BA3KOr0 paspyLLEHNs KOPMYCHbIX CTaeli
ASC. Mcronb3oBaH MUKPOMEXAHWYECKUIA MOAXOA K MPOrHO3MPOBAHMIO BSASKOMO PaspyLLEHMs,
COrMacHo KOTOPOMy OObEeMHOE cofepikaHuve rop AedhopMypyeMoro mMaTepuana OnpefenseTcs
MeTOJOM KOHEUHbIX 371eMeHTO0B. Ha ocHOBaHWM MpOBeAeHHbIX UCTbImaHuiA obpasuos CT ¢ Tpe-
LLYHOM M UMEOLLYXCA [aHHBIX O MapamMeTpax paspyLLeHUs rnagkux cepuyeckix obpasLos ycTa-
HOBNIEH MUKPOMEXBHWUECKIV KPUTEPWIA HaYana passuTys TPELYHbl B YCNIOBUSX BA3KOTO paspy-
LLeHWA MaTeprara.

KnioueBble cnoBa: KOMMJEKCHOE MWKPOMEXaHUYECKOE MOLENNpOBaHWe, [0S
06bEMHbIX MYCTOT, METO/ KOHEYHbIX 3/IEMEHTOB, KPUTEPUIA Pa3BUTHS TPELLMHBI.

Introduction. Micromechanism of ductile fracture of most metals and alloys
includes void nucleation, growth and coalescence. In steels, voids nucleate at
non-metallic inclusions and second-phase particles. Micromechanical approach to
fracture mechanics has been introduced in an effort to describe the process of
fracture in a way that is as close to the actual phenomena in a material as possible.
Such an approach is based on the models that account for and quantify the
process of microscopic damages, in order to predict macroscopic failure.

Micromechanical approach to the analysis of ductile fracture requires
combined experimental and numerical procedure. According to the uncoupled
micromechanical damage models, the damage parameter is calculated in
postprocessing phase of the finite element (FE) analysis. In the coupled
micromechanical models, one or more damage parameters are calculated to
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predict ductile fracture initiation. Thus, the FE analysis must include procedure
for calculation of these parameters and optionally, fracture initiation criterion.
The most frequently used damage parameter is void volume fraction, f .

In present study, we apply micromechanical model based on a particular
yield criterion of a porous solid, proposed by Gurson [1] and later modified by
Tvergaard and Needleman [2, 3] (the GTN model). This model was incorporated
into the software program using FE method. The present research is a
continuation of the Round Robin project [4], aimed at defining the criterion of the
crack growth onset on CT specimens using values of micromechanical parameters
determined on simple round specimens.

Micromechanical Model. Coupled approach to the material damage and
ductile fracture initiation considers alloy as a porous medium where the influence
of nucleated voids on the stress-strain state and plastic flow cannot be avoided.
The GTN model is based on the hypothesis that void nucleation and growth in
metal may be macroscopically described by extending the von Mises plasticity
theory to cover the effects of porosity occurring in the material. Thus the void
volume fraction f as avariable is introduced into expression for plastic potential
[1-3]:

30'ijj * j3o

. | N
/m +2qif*cosher] - [1+ (qif *)2]=0, (1)

where o denotes actual yield stress of the material matrix, o'j is the stress
deviator, while gl is the constitutive parameter introduced by Tvergaard [2] to

improve the ductile fracture prediction of the Gurson model, and f is a function
of the void volume fraction [3]:

for f "~ fec,
mfc) for f >fc, )

where f ¢ is the critical value at which void coalescence occurs. Parameter K
defines slope of the sudden drop of the load on the load-diameter reduction
diagram and is often referred to as “accelerating factor.” For f =0, the plastic

potential [Eqg. (1)] is identical with that of von Mises.

Initial void volume fraction f o depends on the volume fraction of
non-metallic inclusions in steel, f'v. Under plastic strain, voids in the material
matrix first nucleate on these non-metallic inclusions. In the final stage of ductile
fracture, the voids may intensively nucleate on the secondary-phase particles (the
so-called secondary voids).

Tested Steel. The low-alloyed pressure-vessel steel of designation
22NiMoCr37 according to the German standard (DIN) has been tested. The
experiments have been carried out on the specimens of steel in forged heat-treated
condition. The steel was produced at Siemens and used in [5].

The chemical composition of steel is given in Table 1

Major mechanical properties of tested steel are: Rpo2 =476 MPa, Rm=
=620 MPa, and E =203,000 MPa. Optical microscopy of etched specimens has
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shown that tested steel consists of polygonal ferrite and beinite. Using planimetric
method of measurement on the specimens in polished state according to ASTM
E 1245-89, it has been established that the steel contains non-metallic inclusions
of sulfide and oxide type and a number of complex oxide-sulfide inclusions.
Determined mean value of non-metallic volume fraction is f v = 0.00236.
Average value of mean free path between inclusions is 2 = 243.1 "m.

Table 1
Chemical Composition of Steel 22NiMoCr37 (in wt.%)
C Si Mn P S Cr Mo Ni Cu Al
0.22 021 08 0018 0011 042 0.83 0.92 005 0015

Results and Discussion. The critical value of void volume fraction
f ¢ = 0.00611 has been determined by experimental and numerical procedures of
testing of smooth round specimens. At this value of f ¢ in the center of a smooth
specimen final loss of the material loading capacity occurs, followed by fracture.
Optical and scanning electron microscopy and FE elastic-plastic calculations have
shown that the influence of the secondary-phase particles on the final phase of
ductile fracture of tested steel is low [6, 7]. Therefore it is here assumed that the
initial void volume fraction corresponds to the volume fraction of non-metallic
inclusions, f 0 =fv , while the influence of the secondary-voids nucleation is
neglected.

For determination of the onset of stable crack growth at the beginning of
ductile fracture, the CT25 specimens (B =25 mm, W =50 mm) with a0/W ~ 0.55
were used. Using the “single specimen method,” force-crack mouth opening
displacement diagram (F —CMOD) and the resistance curve to the crack growth,
J —Aa (Fig. 1) have been determined.

Fig. 1 J —Aa curve and blunting lire.
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According to the ESIS procedure [8], through the experimental points a
polynomial of third order has been drawn in Fig. 1that in proper way represents
the curve of resistance. The blunting line has been located according to the mean
value of final stretch zone width AaZR = 91.15 /im determined by measurement
on three broken CT specimens according to [9]. Bisection of the blunting and
polynomial has given the value of/-integral corresponding to the onset of crack
growth: Ji =259 N/mm, according to [8]. The value obtained for Ji is rather
high, which indicates a very good resistance to the mechanism of the onset of
ductile fracture for the tested pressure-vessel steel.

One half of the specimen has been numerically modeled using a mesh of
finite elements (FE) in a plane. Eight-node isoparametric FE under conditions of
plane strain is used (Fig. 2). The material non-linearity is modeled by a curve true
stress vs true (logarithmic) strain. Loading is modeled by a large number of
prescribed displacements of a node on the left edge of the mesh (Fig. 2a).

Fig. 2. Finite element mesh for CT25 specimen (a) and crack tip detail (D).

Crack tip is modeled solely by a FE-mesh refinement in the crack zone
(Fig. 2b). It has turned out [10] that the FE-size in front of a crack tip
significantly affects the accuracy of modeling of crack growth initiation. The
question is how to define the FE size at a crack tip and get an actual result at the
beginning of a crack growth for the parameters of fracture mechanics that
quantify the onset of a crack growth: J-integral (Jt) or crack tip opening
displacement, CTOD (d 5i).

It has been shown elsewhere [10] that, in case of application of the reduced
Gauss integration, the FE size in front of the crack tip approximates to an average
value of the mean path X This result is in accordance with previous research [11,
12]. Therefore the FE size of 0.25X0.25 mm in ligament is adopted. The
quadratic FE is used, since no significant influence of test direction on the mean
free path X has been observed [10].

Figure 3 shows diagram F —CMOD up to the moment of the onset of the
crack growth. A very good agreement of experimental and numerically calculated
curves is obtained.

ISSN 0556-171X. npo6n.eubi npounocmu, 2004, N 1 51



M. Rakin, A. Sedmak, Z. Cvijovic, et al.

b
Fig. 3. Diagram F —CMOD (a) and magnification at crack growth initiation point (b).

J-integral corresponding to the onset of the crack growth has been calculated
based on the work of an external force, below the numerically obtained curve,
according to [8]. Failure criterion has been defined by

f >fc, 3)

where f is a void volume fraction determined by elastic-plastic FE
calculations, and f ¢ = 0.00611 is critical void volume fraction. The crack begins
to grow when the criterion given by [3] is satisfied in any of the Gauss points in a
FE nearest to the crack tip. In this way / i =270.4 N/mm has been calculated,
which is in a very good agreement with the experimental value.

Conclusions. In this research, using coupled micromechanical analysis, the
onset of the crack growth in CT specimens has been successfully foreseen, based
on the critical void volume fraction f ¢ (determined on smooth round specimens)
and mean free path X Further research envisages modeling of a stable crack
growth.
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Pestome

MpefcTaBiieHO pe3ynbTaTM KOMMJIEKCHOTO PO3PaxyHKOBO-EKCMEePUMEHTaNbHOI0
[LOCNISKEHHS MEeXaHi3My PpO3MOBCHXEHHA TPIWMHM Ha Mo4vyaTKOBOMY eTani
B’A3KOro pyiiHyBaHHA KopnycHux ctaneit AEC. BMKOpPUCTOBYETLCA MiKpOMeXxa-
HIYHWIA NigXig 4O MPOTrHO3yBaHHA B’A3KOr0 pPyWHYBaHHSA, 3rigHO 3 SKUM 06’eMHWIA
BMIiCT nop fLeOopMiBHOro Martepiany BM3HAYaeTbCA METOLOM CKiHUEHHUX efieMeH-
TiB. Ha ocHoBi npoBefeHMx BMNpobyBaHb 3paskiB CT i3 TPiWMHOK Ta BigoMuUX
JaHUX Npo napameTpu pyWHYBaHHA rnagkux CepuyHnx 3paskiB YCTAHOBMEHO
MIKPOMEXaAHIYHWI KPUTepiii MoYaTKy PO3BUTKY TPIWMHM B YMOBax B’A3KOr0
PYHYBaHHS.
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