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ABSTRACT The mechanical integrity of structures is usually characterised by means of
several relatively well established rules based on a global approach of fracture, such as K or J.
It is essentially assumed that fracture can be described in terms of a single parameter, K, or
Jic. This approach may yet be guestionable in complex situations, This is one of the reasons
why local approaches of fracture have also been developed. An attempt is made to review the
application of these local approaches, especially those which are micromechanisticatly based.
The paper is divided into two main parts.

The first pari deals with low alloy ferritic steels. For cleavage fracture a statistical model
based on the Weibull weakest link fracture theory is presented. For ductile rupture the empha-
sis is laid upon cavity growth nucleated from inclusions. In these materials # can be assumed
that cavity nucleation takes place at a critical strain, The mechanics of plastic porous materials,
in which the work hardening of the undamaged material is balanced by the softening effect due
fo void growth, is introduced. It is shown that ductile rupture can be modelled in terms of a
critical void growth criterion. The statistical aspects of ductile rupture are also briefly discussed.
These fracture criteria are then used to model fracture toughness. In particular it is shown that
under large-scale yielding conditions the size requirement which must be fulfilled to determine a
valid fracture toughness, J,. depends not only on the specimen geometry but also on fracture
micromechanisms.

The second part is ar attempt to model ductile rupture of a cast duplex (ferrite and austenite)
stainfess steel. In this material, cavities are formed from cleavage cracks which are continuously
initiated in the embrittied ferrite phase. An equation describing the variation of void growth
and void nucleation is derived partly from quantitative metallography measurements. It is
shown that the failure process of this material can also be modelled in terms of a critical
porosity. The problems raised by the application of this fracture criterion established in a
volume element to the crack tip situation are briefly discussed.

Introduction

The mechanical soundness of structures is usually ensured on the basis of
several relatively well accepted rules. These rules are supposed to be able to
assess the mechanical integrity for often complex engineering applications and
complex loading conditions, including large-scale yielding, mixed cracking
opening modes, and non-isothermal loading conditions. Rules based on elastic
and elastic—plastic fracture mechanics have prevailed for the last 25 years,
although such approaches may be questionable in numerous cases. The main
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problem which is raised is the transferability of laboratory test results to com-
penents. The standardisation of fracture toughness testing is presently under-
going rapid development. The standards for linear fracture toughness, K, for
example, are commonly accepted in spite of the fact that even under plain
strain small-scale yvielding there remains a size effect associated with the prob-
ability of finding a weak point along the crack front through the specimen
thickness. The size requirements, in particular the ligament size, which must be
fulfifled in an elastic—plastic fracture mechanics test in order to measure a
‘valid’ value of J,, are still more problematic. In all these efforts in the stan-
dardisation of fracture mechanics tests, which are extremely useful, it is
assumed that fracture toughness can be measured by a single global param-
eter, such as K or J.

More recently another approach to the problem has been developed. This is
the local appreach which relies upon the fact that it is possible to model
macroscopic fracture behaviour in terms of local fracture criteria. These cri-
teria are established from a modelisation of the fracture micromechanisms in a
specific material which are investigated in a volume element before being
applied to the crack tip situation. Therefore the development of this method-
ology requires that at least two conditions are fulfifled.

{1) Micromechanistically based models for a given physical process of fracture
must be developed.

(2) A perfect knowledge of the stress—strain field in front of stationary and
propagating cracks is required. This has been made possible by the advent
of analytical and numerical solutions. To this effect the global and local
approaches of fracture are more complementary than contradictory. It is
clear that the recent progress in the numerical analysis methods, in partic-
ular the finite element method (FEM), has largely contributed to the devel-
opment of the local approach.

This paper is divided into two main parts. The first is devoted to a brief
description of local criteria for ductile and brittle fracture and to the applica-
tion of these criteria for the prediction of fracture toughness. This part is
mainly based upon the work of the Beremin research group. A fuller account
of the results has already been published (1)—(5). These results were obtained
on a low alloy C—Mn—Ni-Mo steel {AS08) used in the fabrication of pres-
surised water reactors. The second part of the paper is devoted to a duplex
stainless steel which is also used in the piping equipment of nuclear reactors.
This part is more prospective since the study is not yet completed. However an
attempt is made to show how various tools which are developed in the local
approach of fracture can be applied to this complex material,

Brief description of local criteria for brittle ard ductile fracture of ferritic steels

These criteria were established from tests and observations carried out on
notched round tensile bars. Several geometries were used in order to investi-
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gate the effect of stress triaxiality on both cleavage fracture and ductile
rupture. These specimens were calculated by finite element method. In most of
these calculations it was assumed that damage has no effect on the constitutive
equations of the material.

Cleavage fracture

The micromechanisms of cleavage fracture have been reviewed by several
authors (see, for example, (1)), In a steel for which there is no change in
deformation modes with temperature, that is, cleavage is always slip induced,
it can be assumed that brittle fracture takes place when the maximum prin-
cipal stress reaches a critical value, o,. Several models have been proposed to
account for the value of o, (= 1500 MPa in structural steels). One important
aspect of brittle fracture is the existence of a relatively large scatter in the
results. This situation, very well known in ceramic materials, does not seem to
have been given enough attention in steels for a long time. For a homogeneous
material in which there is no statistical spatial correlation between two adjac-
ent areas, the Weibull weakest link concept (6) is well accepted to account for
brittle fracture. This was the basis of the model proposed by Beremin (3} and
Wallin et al. (7). In this theory the probability of failure, Py, of a specimen of
volume V subjected to an homogeneous stress state, o is given by

Pp=1—exp (— va) (1

m
ooV

Where V, is an arbitrary unit volume, o, is the average cleavage strength of
that unit volume while m is the Weibull exponent. Equation (1) is a simplified
expression since no cut-off parameter is introduced. In three dimensions and
in the presence of smooth stress gradients, this equation can be expressed as:

fpe 0T dv
st - (B2 @
where &, is the maximum principal stress and the volume integral is extended
over the plastic zone PZ. The latter expression can be rewritien as

(L)oo 7 ®

where g, is referred to as the “Weibull stress’.

The procedures used to determine the parameters o, m, and ¥, are given in
detail elsewhere (2)-(5). The values of o, and m are determined from tests
carried out on notched bars. In a bainitic C-Mn-Ni-Mo stecl (A508) it was
found that m = 22, while ¢, was dependent on the microstructure of the
material (3). A similar value of m was measured in a welded C—Mn steel (8)
The results obtained on the latter material are reproduced in Fig. 1, where a
good agreement is observed between the experiments and equation (3). Recent
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results obtained on a pearlitic rail steel indicate that larger values of m can be
obtained (9). The volume V, is determined from valid K, tests carried out at
low temperature. This volume ¥, is introduced as the characteristic distance (a
few grain sizes) used in the Ritchie, Knott, and Rice model (10).

Ductile fracture

Critical porosity at failure
In most structural steels, ductile fracture arises from the nucleation, the
subsequent growth, and coalescence of cavities initiated from inclusions. In the
next section devoted to a cast stainless steel it is shown that the nucleation
sites may be different. The stress state has an influence on the three steps of
ductile fracture. This was investigated in some detail on various heats of a
C-Mn-Ni-Mo steel containing different volume fractions of inclusions by using
axi-symmetrically notched specimens. The details are given elsewhere
(2)A1)(12).

In this material the mechanisms of cavity nucleation are dependent on the
orientation. In the longitudinal direction cavities are formed by the fracture of
MnS inclusions, while in the transverse directions cavilies are nucleated from
the de-cohesion of the interface between MnS particles and the matrix. The
aspect ratio of the inclusions related to the amount of hot deformation applied
to the material was also shown to be important. The results obtained on one
heat which contained 100 ppm of sulphur are shown in Fig. 2, where it is
observed that at large stress triaxiality ratio (¢./6., = 1) cavity nucleation
takes place at very small strain (<5 percent). It was shown that cavity forma-
tion from MnS inclusions in A508 steel obeys a critical stress criterion similar
to the expression proposed by Argon et al. (13) which can be expressed as

Ya ko, — o) =04 @

where Y, is the maximum principal stress, ., is the von Mises equivalent
stress, o, is the yield strength, while k and ¢, are temperature independent
parameters which are functions of the inclusion shape.

Several models have been proposed to model cavity growth. For an infinite
body and at large stress triaxiality factors the expression derived by Rice and
Tracey (14) can be written as

dR/R = a de. exp (1.50,,/0,,) (5)

where R is the actual size of the cavities which have an initial size R,, de,, is
the increment of equivalent plastic strain, o, is the mean stress, while « is a
proportionality factor which is close to 0.28. Very few experiments have been
carried out to test the validity of this theory. In a model material in which
Al,0, inclusions were purposely introduced it was shown that equation (5)
describes very well the experimental results, except for the proportionality
factor & which was shown to be much larger than 0.28 {12). The comparison
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between different materials showed that « was an increasing function of the
volume fraction of inclusions, Therefore the interactions between inclusions
might explain this effect. Another explanation might also relate in the fact that
in steels, especially around large inclusions, a second population of cavities
initiated from carbides takes place. This effect has been investigated recently
by Perrin and Leblond (15) using the Gurson model for porous material
which is described in the following,

Equation (5) can be used to assess the critical void growth at failure R /R,
which is obtained by integrating this expression along the stress—strain path in
the centre of notched specimens calculated by finite element method. A
number of results obtained on four heats of A508 steel are given in Fig. 3.
These results indicate that at fracture the values of R /R, are very small even
in the longitudinal direction. Typically the initial volume fraction occupied by
the inclusions is increased by a factor much lower than one order of magni-
tude. For a given material and a given orientation it is observed that R /R, is
a slightly decreasing function of stress triaxiality ratio. A simple model was
proposed in which a larger stress triaxiality dependence was predicted (1). This
difference is thought to be related to the fact that when testing sharply notched
specimens to introduce large stress triaxiality ratios the volume of material
submitted to critical conditions is smaller compared to specimens tested at
lower stress triaxiality. This size effect which is related to the statistical aspects
of ductile fracture should deserve more detailed studies. In the following
section devoted to a cast material, this important aspect is emphasised.

In summary, in a material in which cavity nucleation takes place easily and
at large stress triaxiality ratio, the ductile fracture of a2 volume element can be
described in terms of a critical void growth ratio, R /R, . The fact that R /R,
is, within a first approximation, a constant largely simplifies the analysis since,
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Fig3 A 508 steel. Heat A (%S = 100 ppm); Heat B (%S = 200 ppm); Heat C (%S = 130 ppm);
Heat D (%35 = 50 ppm). Effect of stress triaxiality ratio on critical void growth, RIR,.
Influence of orientation. (11)
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as shown in Fig. 4, the ductility at failure, &, is largely dependent on stress
triaxiality ratio,

Mechanics of plastic porous materials

A large research effort has been developed over the last past decade to model
the strain softening effect produced by growing cavities in & matrix which is
plastically deformed. In these models the plastic flow potential is dependent on
cavity volume fraction. In principle this coupling effect introduced between
damage and the constitutive equations can be used to model flow localisation
and rupture. A full description of the existing theories is out of the scope of
this paper. Here we refer only to the Gurson and the Rousselier models.
The yield criterion introduced by Gurson (16) is written as

62,/ + 2f cosh (36,/2Y) — 1 —f2 =0 (6)

where Y is the flow stress of the matrix. The dependence of the yvield criterion
upon the mean stress, o, gives rise, through the associated flow rule, to a
hydrostatic component in the plastic strain from which the increase in the
volume fraction of cavities is deduced. Tvergaard (17) suggested introducing
some additional parameters ¢4, 4, , 4; by which equation (6) can be re-written
as

o2, /Y* + 2q, feosh (3g,0,/2Y) — 1 — g5 f* =0 N

which g; ~ 1.5, g, ~ 1, and g5 ~ ¢q%. For small volume fractions, the Gurson
expression can be written as

JB3/2s,5,) = YT1 — 0.50f exp (36,,/2Y)] ®)

In this expression the softening effect due to the presence of porosities is
clearly noticed, especially for large stress triaxialities. The associated increment
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in cavity volume fraction is given by
de; = dff(1 — f) = 0.7 exp (30,,/2Y) dg,, 9

which is very similar to the Rice and Tracey expression (equation (35)}, except
for the proportionality factor which is equal to 3 x 0.28 instead of 0.75,

The application of the Gurson-Tvergaard potential has been reviewed
recently by Needleman (18). In the simulation of ductile fracture it was
observed that this model largely overestimated the ductility measured in struc-
tural materials. The function f* was proposed by Tvergaard and Needieman
(19} to account for the effects of rapid void coalescence at failure. Initially
f* =/, as originally proposed by Gurson but, at some critical void fraction, 1.
the dependence of f* on f is increased in order to simulate a more rapid
decrease in strength as the voids coalesce. This model therefore bears a strong
rese.mbiance to the critical void growth criterion introduced in the previous
section,

APPLICATIONS OF ELASTIC-PLASTIC FRACTURE MECHANICS 389

Load A Load

o Fof

M =0, -0 AD=0, -0

Fig 6 Sketch showing the seftening effect associsted with damage (a). Influence of o, and f,
{equation {11)); (1) Influence of mesh size, [,

Mudry (20) has also attempted to use the Gurson potential without the
accelerating effect in f introduced by Tvergaard and Needleman (19) to simu-
late the ductility of various heats of A508 stecl. For a homogeneous distribu-
tion of inclusions this author showed also that the calculated ductilities were
much larger than those which were measured. Moreover a too large stress
triaxiality dependence on ductility was observed. This suggested that the sta-
tistical effects were also important as indicated previousty. To investigate this
effect Mudry (20) assumed that the inclusions were distributed according o a
Poisson law. The results of his calculations are given in Fig. 5 where it is
observed that, within a first approximation, the variation of the ductility, g,
with stress triaxiality ratio is only dependent on the ratio between the initial
volume fraction of inclusions, f; and the work-hardening exponent, n of the
stress—strain curve writien as

g = Kg" (10)

In Fig. 5 only the curves corresponding to a probability to failure of
50 percent are drawn. However it was noticed that the difference between the
curves corresponding to Py = 0.10 and Py = 0.90 was small. Roughly speaking
the Tocal volume fraction in the cell which gives rise to the failure of the
specimen can be as large as 5 or 10 times the mean volume fraction, as already
undertined by other authors (1)(Z1){22).

The vield function introduced by Rousselier (23)(24) was established from
the thermodynamics of continuous media. It can be written as

Geo/(l — )Y =1 — DBB)/Y. exp [6,(1 —f)o,]
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with
df = dfif(1 —f) = D exp [o,/(1 —f)o] de,, (11
and

B(f) = o, foexp §/(1 — fu +fy exp f)

This criterion also bears a strong analogy with the Gurson model and with
the Rice and Tracey expression provided it is assumed that D =3 x 0.28 and
o, = 2/3Y. Rousselier introduced his criterion in a finite element code to
simulate the failare of notched bars as indicated in Fig. 6. In this figure the
effect of o, and f; parameters as well as the influence of the mesh size of the
elements, I, located in the centre of the specimens are indicated. In particular it
was shown that this method of coupling between damage and constitutive
equations was extremely efficient to simulate not only crack initiation taking
place at A, which is dependent on &, and f,, but also crack growth
corresponding to the slope of the branch AB of the loading curve which is
dependent on the [, parameter. The Rousselier criterion was introduced
recently in the Ecole des Mines Zébulon finite element code. The validity of
this implementation was tested by simulating the failure of a Cr-Mo stecl
notched bar which was studied previously by Rousselier (24). This simu-
lation was done with the following parameters D =2, ¢, = 490 MPa and
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I, =04 mm. The diameter of the minimum section of the section is ¢, = 10
mm, while the notch radius is 5 mm. The stress—strain curve is defined by
Y =974 £%°% The initial volume fraction of cavities, f, is equal to 2 1074
Figure 7(a) shows that the simulated and the experimental loading curve are
very close to each other. The softening effect associated with cavity growth is
observed in Fig. 7(b), while the distribution of damage represented by the
values of f§ is shown in Fig. 8. It is worth noting that in this simulation which
contains no accelerating factor in cavity growth, in contrast to the previous
model, large values of §, i.e. large values of initial cavity growth are found.

Application to the prediction of fracture toughness

Characteristic distances and local criteria

At the crack tip, as in many models based on local criteria, it is necessary to
introduce a characteristic distance, 4 over which strains and stresses are aver-
aged. In FEM calculation this size is used for the first element located at the
crack tip, The mesh size is related to the material properties, in particular its
microstructure and not necessarily to the conditions for a precise numerical
solution. Theoretically the introduction of a coupling effect between damage
and constitutive equations could help in the solution of this difficult problem,
For brittle fracture it was indicated previously that the distance A, or the
unit volume ¥, in the Weibull statistics is determined from valid fracture
toughness tests carried out at low temperature. For ductile rupture the charac-
teristic distance is related to the mean inclusion spacing, for instance the mean
spacing in a plane perpendicular to the crack front when ductile tearing is
modelled as a two-dimensional process. Tt can therefore be assumed that

A=~ 12N (12)

where N, is the number of inclusions per unit area in this plane. It was shown
that this definition of 4 provided satisfactory results and that at crack initi-
ation the crack tip opening displacement, CTOD was of the order of A {11},

In order to take the effect of inclusion distribution into account, a mean
value for the cavity growth ahead of a crack tip can be calculated as

{R/Ry) = -[ mR/RU(x/CTOD, ) - P(x, 8) « d¥V(x} (13)

where P(x, 6} is the probability of finding one inclusion in the volume dV
defined in Fig. 9. The void growth rate, R/R,,, at a given position (x/CTOD, 0)
can be calculated using the results of FEM calculations in which crack
blunting effect was taken into account {25)(26). The choice of the length, A,
along the crack front is critical. For materials in which the inclusions are
homogeneously distributed, h was defined as

h= (NALNATNAS)”S/NV (34)

APPLICATIONS OF ELASTIC-PLASTIC FRACTURE MECHANICS 393

Fig 9 Definition of the elementary velume in front of a erack tip

where N, , N,p, and N, represent the number of inclusions per unit area in
a plane perpendicular to the longitudinal, transverse, or short transverse
direction, respectively, while N, is the number of inclusions per unit volume.
The mean value of the calculated void growth {R/R,> was compared to the
critical cavity growth rate R/R, determined from tests carrried out on
notched bars {see e.g. Fig. 3). From this the theoretical CTOD at crack
initiation was determined. The comparison between the calculated and the
experimental values is shown in Fig. 10 where the results obtained on four
steels tested in various directions are given. A good agreement is observed
except for material C which confained a large volume fraction of inclusions
(%S = 130 ppin) and which was tested in the short-transverse direction. SEM
observations showed that the inclusions were grouped into colomnies. The
influence of void clusters is examined more thoroughly in the next section
devoted to a cast duplex stainless steel.

Theoretical expressions between J,, or K, and local criteria under small-scale
yielding conditions

Using known analytical solutions for the crack tip stress—strain field (HRR
field (27X28)) in conjunction with FEM plane strain small-scale yielding
results to model the crack tip blunting effect it is possible to derive theoretical
relationships between the fracture toughness, K, or J,_ and the local criteria.
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For brittle fracture, the expression of the “Weibull’ stress was derived pre-

viously (3). From this the probability for cleavage fracture can be expressed as -

J3. E’Bo? 4C,,
T {15)

PR=l—exp( 1= AV.om

where B is the specimen thickness, E the Young modulus and C,, is a numeri-
cal factor. As shown earlier (3)(29)(30), the predicted variations of K, with
specimen size and temperature — via the temperature dependence of the yield
strength — are in good agreement with the experiment results,

For ductile rupture, similarly it was shown that J,, at crack initiation is
related to critical void growth (R/R,), by the following expression

J1o = oy In (R/R,), (16)

where « is also a numerical factor.

Fracture toughness under large-scale yielding conditions

The effect of specimen geometry and specimen size on ductile tearing resist-
ance Jy curves is now well documented. A number of experimental results
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show that Jy curves are dependent on specimen thickness, in-plane dimensions
and, in particular on the mode of loading, tension versus bending (see e.g.
(31)(33)). The lower Jy curves are obtained with CT specimens and the
steeper curves with CCP specimens. Side grooving of test pieces which tends
to reduce the surface shear lip effect does not climinate totally the influence of
specimen geometry, which controls the plastic constraint effect in the plane of
the specimen, In order to overcome this difficulty there is an effort in the test
standardisation to dictate a size requirement such that the specimen ligament
size, b is larger than N(J/oy) with N ~ 25 for CT specimens and ~200 for
CCP spectmens. These requirements are independent on the failure micro-
mechanisms. This is a research area where the local approach of fracture can
be extremely useful to test the validity of such rules.

A recent study was devoted to this problem (34}. Both CT and CCP speci-
mens were calculated under plane strain conditions using finite element
method. A power law expression (equation (10)) was used to describe the
stress—strain behaviour of the material. Two widely different values for the
work-hardening exponent were used, n = 0.005 and n = 0.10. Morcover the
influence of crack length was tested as indicated in Table 1. In this study two
local failure criteria, one for cleavage fracture (equation (3)), and the other one
for ductile rupture, R /R, were used to simulate numerically crack initiation.
The results corresponding to ductile rupture are shown in Fig, 11 where the
product A In {R/R,), introduced in equation (16) is plotted as a function of
J/o,. As indicated previously under small-scale yielding conditions, there is no
effect of specimen size or specimen geometry. On the other hand it is noticed
that the relation between A In{R/R,) and J/o, is largely specimen dependent
when general yielding is reached. The results show that the values of J,_ are
larger in CCP specimen than in CT specimens. Moreover the valoes of J, are
dependent on the work-hardening exponent.

These results were extended to predict the influence of in-plane dimensions.
1t is well to remember that in this analysis the three-dimensional effects related
to thickness effects, which may also play an important role, are not taken info

account. The details are given elsewhere (34). The results related to size

Table 1 Specimen geometries and materials character-
istics

Strain hardening

Specimen No Geometry a/W Exponent
53 CcT 0.45 0.10
54 CT 0.60 0.10
55 CT 0.45 0.005
56 CT 0.60 04.005
258 ccp Q.75 0.10
259 CCP 045 6.10
268 CCp 0.75 0.005
269 CCP 045 0.005

o
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fiig 11 Variation of the ductile rupture criterion as 2 function of the loading parameter Jja,.
Infeence of specimen geometry and work hardening exponent (34)

requirements are reported in Table 2. The values of the N factor introduced
previously were obtained by using a deviation of 10 percent from the small-
scale yielding solution. Table 2 shows that it is difficult to define a universal
value for the minimum size requirement since it is dependent on the micro-
mechanisms of failure. For cleavage fracture the values of N derived from this

Table 2 Minimwun size requirement for J,, measure-
mients

Minimum bao/J for valid J

Specimen N, Cleavage Fracture Ductile Rupture

53-CT 20 140
54-CT i3 85
55-CT 28 155
56-CT 40 90
258-CCP 185 25
259-CCP 990 30
268-CCP 560 45
269-CCP 1650 50
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analysis arc close to those recommended for fracture toughness tests. Larger
values for CCP specimens reflect the fact that cleavage fracture is essentially
stress confrolled, Conversely for ductile rupture which is essentially a strain-
controlled process the size requirements are less stringent for CCP specimens
than for CT specimens.

More recently Rousselier et al. (35) have also used a local approach to
simulate both crack initiation and stable crack growth in various specimen
geometries, including not only CT and CCP types but also Single Edge
Cracked Panel (SECP) specimens. The Rousselier model which is based on
damage mechanics was presented previously. This model for duetile rupture
was applied to one heat of a cast duplex stainless steel which is investigated
more thoroughly in the next section. The results of these numerical simula-
tions are given in Fig. 12, where a large effect of specimen geometry is
observed in spite of the fact that, in these conditions, the large-scale yielding
conditions were not reached.

These studies show therefore that the minimum size requirements which
have to be fulfilled to measure a valid fracture toughness, J,. are ¢xtremely

ccer

'*—a°=25mm
/ W =100 mm

H 2
Crack growth Aa (mm)

Fig 12 Calculated crack growth resistance curves. Influence of specimen geometry and size (35)
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difficult to establish unless the mechanisms of fracture are properly described,
both experimentally and numerically.

Damage and fracture toughness of an embrittled cast duplex stainless sieel

Introduction

It is well established that duplex austenitic-ferritic stainless steels (CF8 and
CF8M) containing from 10 percent to 25 percent ferrite are embrittled at the
service temperature (320°C) of pressurised water reactors, see e.g. (36)—(38).
The ferrite phase submitted to the well-known ‘475°C embrittlement’ is
strengthened by the formation of & and other precipitates {39). A number of
studies have been made to characterise the kinetics of the embrittlement effect
by using the results of Charpy impact and tensile tests carried out on materials
which were aged for various times at different temperatures. From this an
apparent activation energy was determined and used to define an equivalence
between temperature and time of embrittlement (36)(37).

Reactor integrity analysis requires the determination of fracture toughness
properties. The transferability of fracture toughness values obtained on small
laboratory test specimens raises the problem of geometrical and size effects, as
discussed previously. In these cast materials which have a very coarse micro-
structure the question is still more problematic as compared to ferritic steels.
The aim of this study, therefore, is to investigate the micromechanisms of
damage and fracture of an aged cast duplex stainless steel and to provide the
basis of a local approach for predicting fracture toughness.

Material

The material under investigation was taken from a centrifugally cast CF8M
stainless steel pipe (Heat Y4331), It contains approximately 20 percent ferrite.
The chemical composition is given in Table 3. The material was first annealed
at 1115°C and then aged at 400°C for 700 hours. This resulted in 2 decrease of
the Charpy impact energy KC, measured at room temperature from about
200 J/em® down to 30 J/cm? After ageing the vield strength and the UTS
measured in the tangential direction of the pipe was 323 MPa and 717 MPa,
respectively.

Figure 13 shows the microstructure of this material observed on three per-
pendicular planes. A complex structure consisting of a ferrite network (dark
grey) surrounded by austenite (white) is noticed. The ferritic network is formed
by fine platelets (thickness ~ 20 ym) connected on long distances (=1 mm), At

Table 3 Chemical composition (Wt percent) of the cast CF8M stainless steal investigated
C N Mn Si Ni Cr Mo Cu Co Nb S P
004 00644 076 117 1003 2080 25 045 005 019 000t 0023
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Fig 13 Cast duplex CF8M stainless steel. Optical micrograph of three perpendicular planes

a larger scale macrographic etching showed a structure of large ‘grain’ units
{~1 mm width and from several mm to 1 cm length) elongated in the radial
direction and surrounded by a relatively wide (~ 50 pm) ribbon of austenite.
Microhardness measurements (50 g) showed a large difference between both
phases: 187 HV in the austenite phase compared to 616 + 120 HV in the
ferrite phase.

Damage micromechanisms of volume element

Experimental procedures
Tensile tests were carried out at room temperature and a strain rate of 3.107°
s™! on smooth and notched bars (Fig 14(a)), oriented as indicated in
Fig. 14(b). The smooth specimens were instrumented with a longitudinal exten-
someter of 25 mm gauge length. The notched bars were tested with a diametral
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Fig 14 (a) Specimen geometry. All dimensious in mm; (b) Specimen orientation

e}l{tensometer measuring the minimum diameter of the notch in the radial
direction of the pipe, from which the mean strain was defined as § = 2 log
(¢o/¢) where ¢, = 10 mm is the initial diameter and ¢ the actual value.

The specimens were calculated by FEM using the SYSTUS code developed
by Framatome. A von Mises yield criterion was used. The true stress—strain
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curve determined from a tensile test was introduced point by point. The details
of these calculations are given elsewhere (40}.

A large number of metallographical and fractographic observations were
made to investigate the deformation patterns of both austenite and ferrite. In
particular, to determine the position and the number of cleavage cracks in the
ferrite phase, longitudinal sections of both smooth and notched bars were
made on a plane perpendicular to the radial direction of the pipe. These sec-
tions were examined at a magnification of x 60. To determine the size dis-
tribution of these cleavage cracks the samples were carefully polished and then
slightly etched. These observations were made at a magnification of x 400.
The microcrack lengths were measured on both planes perpendicular to the
radius and to the axis of the pipe.

Results and discussion

The variation of the ductility measured by  at failure, & as a function of stress
triaxiality ratio, 0,,/0,, at the centre of the specimen, determined from FEM
calculations is shown in Fig. 15. Tt is worth noting that the ductility is low
compared to an unembrittled material for which & ~ 1.10 for a,/0., ~ 0.60.
The dependence of & with a,/0,, is moderate as observed for the ductile
rupture of sulphur-rich ferritic steels tested in the short transverse direction
(steet C, Fig. 4(b)).

BT T T 1 1 I
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0 Y RN O IS NPT S S

0.0 D.2 0. 4 0.6 0.8 1.0 1.2 1.4
TRIAXIALITY Um/deq

Fig 15 CF3M steel. Ductility of smoeth and notched specimens as a function of siress triaxiality
ratio
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109, 10
{a} £:3]

Fig 16 CF8M steel. SEM fractograph. (a) General aspect of the fractare surface showing cleaved
ferrite areas (A) and ductile austenite walls {B); (b) detail of cleaved area in the ferrite
phase ‘

Fractographic observations show large areas of transgranular cleavage in
ferrite forming large ‘dimples’ linked together by vertical austenite ‘walls’ con-
taining very fine and elongated dimples likely formed on small carbides
(Fig. 16(a)). At larger magnification typical crystallographic patterns are
observed (Fig. 16(b)). They were interpreted as resulting from mechanical twin-
ning,

Longitudinal sections showed that both austenite and ferrite phases were
plastically deformed (Fig. 17.) Thick deformation bands which were identified
as mechanical twins by TEM (41) are observed in particular at the phase
boundary between austenite and ferrite (Fig. 17(a)). Deformation bands are
also observed in ferrite. SEM observations on a polished free surface showed
that deformation in this phase occurred by pencil glide. However, coarser
deformation bands were also observed in the ferrite phase (Fig. 17(b)). An
analysis of the angles between these lines suggested that they could be related
to mechanical twinning taking place also in ferrite. This suggestion was con-
firmed by TEM observations {41).

Cleavage cracks are nucleated in ferrite as shown in Fig. 17. In most cases
they completely cross the ferrite islands, although a number of them were
observed to be arrested within the ferrite. These microcracks are then blunted
by plastic deformation of austenite forming a triangular vertex (Fig. 18). This
figure suggests that in this material the nucleation stage of cavities formed by
cleavage microcracks is a continuous process. A detailed analysis of the loca-
tion of the nucleation sites in notched specimens showed no drastic influence
of the macroscopic principal stress on the onset of cleavage crack nucleation.
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20pm
{a) (b} —_—

i i i i = tensile specimen. Defor-
Fig 17 CF3M steel. Optical micrographs of a strained (s = 18.3 percent) . v 0
® mation patterns in austenite (y} and ferrite (§) phases, (a) Deformation bands m'austem;e
and eleavage cracks (arrows) in ferrite; (b) Sinuous (A) and p'Eanar (B) deformation bands
in ferrite. L.arge cavity grown from a cleavage crack in the ferrite phase (arrow)

Fig 18 CFSM steel. Optical micrograph. Cavity growth and coalescence in A. Note vertex-shaped
crack blunting in B
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It was observed that the first cleavage cracks were formed at a low applied
strain (~ 2 percent).

As stated previously another difficulty encountered in this cast material is
associated with the fact that cavities initiated from ferrite cleavage cracks are
very inhomogeneously distributed and form clusters in specific grains (Fig. 19).
The reasons for this clustering effect (chemical segregation, crystallographic
orientation of ferrite, and austenite phases) are under study. In order to define
local values of the number of cracks per unit area, the Voronot tesselation
method was used (42)(43). This method assigns to each crack a cell containing
all the points that are closer to the centre of this crack than to any other
crack. Examples of such cells are given in Fig. 20, The clustering effect is
largely pronounced in the specimen which was given a strain of ~ 16 percent
(Kig. 20(b)). The corresponding histogram of the celi size shows that although
the average crack density is N, = 16.6 mm ™2, 4 percent of the area is occupied
by cells with an area lower than 0.0l mm?® corresponding to local values of
crack density larger than 100 mm 2.

The comparison of Fig. 20(a} and Fig. 20(b) shows that the local crack
density, N,, is an increasing function of plastic strain, as expected. Interrupted
tests on both smooth and notched specimens were carried out to investigate
the variation of N, with equivalent plastic strain &f,. N, was measured by
counting the number of cracks in a square element of 1 mm? while in notched
specimens, the local values of &f, were determined from FEM calculations. The
results are shown in Fig, 21. This figure shows that the nucleation rate should

b}

Imm

Fig 20 CF8M steel. Damage measurements in smooth bar (a) & = 8.9 percent; [(YE
size after £ = 15.8 percent
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Fig 21 C¥8M steel. Crack density as a function of strain. Measurements on smooth and notched
specimens

be given a statistical meaning. A study is under progress to investigate this
specific aspect. In this paper we define a maximum nucleation rate corre-
sponding to N, = 650 mm %, This value means that for &}, = 0.16, N, = 104
and only 4 percent of the total arca can exhibit higher nucleation rate
(Fig. 20(c)).

As in ductile rupture of ferritic seels these measurements can now be used to
assess the volume fraction of cavities at failure. The increment of porosity, df,
has two origins, the growth of existing cavities and the nucleation of new ones,
such that it can be written as

df = df, + df, (17

Assuming that df, obeys the Rice and Tracey law and that the nucleation
rate is constant and equal to A,,, equation (17) can be rewritten as

dffde,, = 3 x 0.28 exp (30,/20.)f(1 — )+ A, (17
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For small f, neglecting second order terms, this expression leads, after inte-
gration, to

f=A,/K(exp Ke — 1) (18)

with K = 3 x 0.28 exp (30,,/20,).

The determination of 4, involves both the measurement of N, in a plane,
for instance the plane perpendicular to the radial direction of the pipe and the
measurement of cavity sizes in two perpendicular planes. Assuming that a flat
cavity is as damaging as a sphere of the same projected area in a plane perpen-
dicular to the tensile axis, see e.g. (11}20} and that the cracks shape is ellip-
tical, stereological calculations lead to

N = %Nal{ ' ZA(BR ﬁA)3I2 (19)

where D, is the actual size of a crack in a direction i, and Z, = (1/d,), where 4,
is the size of a crack measured in a section i. All the cracks are assumed to be
perpendicular to the tensile axis. Thus the constant A, in equation (18) is given
by

A, = 1/37 (Dg D, Y? dN,/de, 20
q

Taking dN ,/de,, = 650 mm ™2, Dy = 22.3 um, and D, = 7.3 um, which were
determined from metallographic observations, it is found that 4, = 4.42 1072,

An approach similar to that developed for ductile rupture of ferritic steels
can now be used by integrating equation (17) to define the critical void volume
fraction at failure, f,. In Fig. 22(a) we have reported the values of f, calculated
according to equation {18), taking for g, the mean ductility at failure & and for
Om/0.q the value of the stress triaxiality ratio at the centre of the notched
specimens. This figure shows that f, seems to be a slightly decreasing function
of stress triaxiality as already noticed for R./R, {see Fig. 3). It is also worth
noting that the critical porosity at failure is rather small (f, ~ 0.5-1 percent)
which is also in qualitative agreement with the observations relative to porous
materials made in the previous section. Beyond the explanation given in the
previous part, in particular the size effect which is believed to play a dominant
role in this type of material, like in many cast materials with a coarse micro-
structure, several factors might explain the small variation of f, with stress
triaxiality. Firstly, numerical calculations indicate that a large part of f,
(~80-90 percent) is due to cavity nucleation instead of conventional cavity
‘growth’. It is quite conceivable that in this material cleavage crack nucleation
is promoted by increasing stress triaxiality and maximum principal stress. Sec-
ondly the variations of f, along the radius of the notched specimens should
also be considered. These variations are shown in Fig, 22(b). It is observed that
the specimens AE10 and AE4 exhibit a rather homogeneously distributed
damage, as expected, while the more sharply notched AE2 specimens are more
damaged near the notch than in the centre. Actually longitudinal sections of
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interrupted tests showed that final failure could take place near the notch
throat of AE4 and AE2 specimens.

To summarise, this analysis indicates that a critical value for the porosity at
faiture f, =~ 0.8 percent calculated from equation (18) might be a reasonable
criterion to simulate the ductile rupture of cast CF8M stainless steel associ-
ated with the growth of cavities initiated from cleavage cracks induced in the
ferrite phase by the inhomogeneity in deformation between both phases. It is
also worth adding that this value of f, is in qualitative agreement with the
value inferred from the mechanics of porous materials. The work-hardening
exponent n of our material is close to 0.28. This leads to f,/n ~ 3.10~ 2. Figure 5
shows that for this value of f,/n ratio low values of ductility similar to those
which were measured are predicted. One of the main differences with the
ductile rupture of more conventional materials is related to the continuous
nucleation of damage sites which has to be taken into account.

Fracture toughness

Experimental procedure .

J resistance curves were determined using CT type specimens with a thickness
B =225 mm, and in-plane dimension, W = 30 mm. They were fatigue pre-
cracked up to a ratio ¢/W ~ 0.6, Then the specimens were side-grooved such
that By = 18 mm. The EGF standards (44) were used to calculate J. The
method of partial unloading was also used to determine the actual crack
length. Optical crack extension was also determined after heat tinting accord-
ing to the EGF method.

Jic was determined by intersecting the blunting line, calculated as J =
46, A, Where g, = (R, + UTS)/2, shifted of A, = 0.15 mm, with the
straight line drawn through the data points. Some tests were interrupted near
initiation. Sections perpendicular to the crack front were performed to
measure crack tip opening displacement at initiation {CTOD). Two orienta-
tions were investigated, ST and TS (see Fig. 14(b)).

Results and discussion
For both orientations, the J-Aa curves are given in Fig. 23(a) and (b). In the
TS direction Jy is between 50 and 100 kJ/m? and dJ/da ~ 110 MPa, while, in
the ST orientation, Ji: is close to 80 kJ/m* and dJ/da ~ 40 MPa. There is not
a strong anisotropy effect on toughness, but the 8T direction seems to exhibit
a lower tearing modulus. In both cases, initiation, detected by compliance
method and with an electric potential drop method, took place close to the
maximum of the P-8 curve, when the limit load was reached.

On one specimen of the TS orientation that had been interrupted at initi-
ation, 6 sections were made in a plane perpendicular to the crack front
(Fig. 24). A blunted fatigue crack front and cavities can be observed. The cavi-
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1 BT NN .
Fig 24 CF8M steel. Optical micropraph illustrating nucleation of cleavage cracks (A), cavity
growth (B) and coalescence with blunted crack tip

ties are nucleated from cleavage cracks ahead of the crack tip. Propagation
already took place over a distance of about 0.1 mm. In some cases, propaga-
tion occurted by initiating a new crack ahead of the main crack front. A
metallographical procedure (i1) was used to measure CTOD, when the
blunted fatigue crack tip could clearly be defined. It was found that CTOD at
crack initiation is equal to 43 + 12 um.,

It is well known that there is a relationship between Jic and CTOD that can
be written as

Jic = Mo {CTOD) (21)

Taking Jic = 80 kJ/m?, ¢, = 320 MPa and (CTOD) = 43 um, equation (21)
leads to M = 5.8. McMeeking (26) derived a theoretical expression where

1 2

M =050 70 3

{{1 + )1 + n) S—E}_n (22)

where n is the work hardening coeflicient assuming that, at large plastic strains,
the stress—strain relation is written as ¢ = K(g,)". Taking n = 0.285, v =03,
E = 190000 MPa, one finds M = 6, 2, which is a value in rather good agree-
ment with the experimental valuc of 5.8.

The application of the local approach for predicting the fracture toughness
of this material is still under investigation. It is believed that a sound analysis
requires more metallographical and statistical information related in particular
to the distribution of the clusters of damage shown previously. This informa-
tion could be used to calculate the mean volume fraction of cavities ahead of
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the crack tip following a procedure similar to that used previously (equation
(13)). Here it can only be stated that by using the results of FEM calculations
published by McMeeking (26) in conjunction with the damage law given by
equation (18) it is found that the calculated void volume fraction, f reaches a
value of approximately 0.3 1072 at a distance of about 1.1 CTOD from the
crack tip. This value is of the same order of magnitude although lower than
the value obtained on volume elements. However, it is clear that this cannot
be regarded as a criterion since no metallurgical distance or no averaging
procedure are introduced.

Conclusions

Ductile rupture of a volume element is described as the successive stages of
void nucleation, growth, and coalescence. For the first two stages, criteria
established for MnS inclusions in ferritic steels are given. In these materials it
can be assumed that there exists a critical strain, which is a function of stress
triaxiality ratio, to initiate cavities. On the other hand, in other materials, such

" as cast duplex stainless steels, void nucleation must be modelled as a contin-
wous process. Taking into account this phenomenon, when necessary, the
ductile rupture of a given material takes place for a critical porosity which is
assessed from tests carried out on notched specimens. The mechanics of
porous materials is a very promising tool to model the softening effect associ-
ated with void nucleation and their subsequent growth,

Statistical aspects play a key role in both ductile rupture and cleavage frac-
ture. In ferritic steels the later mode of failure is reasonably well described by
the Weibull weakest link theory. The statistical analysis of ductile rupture is
not so well documented. In particular the formation of damage clusters, shown
in a cast duplex stainless steel, as well as their interactions, should deserve
more attention.

Simple expressions relating either the crack tip opening displacement
(CTOD) or the J-integral to ocal criteria established for either ductile rupture
or cleavage fracture are given. These expressions apply when the small-scale
yielding condition are prevailing. On the other hand, under large-scale yield-
ing conditions, the approach based on local criteria suggests that the ligament
size required for determining valid fracture tonghness values, independent of
the specimen in-plane dimensions and geometry, is very much dependent on
the failure micromechanism and, therefore, on the form of the damage law
used to model the fracture process. In both modes of failure, stress triaxiality
plays an important role. In ductile rupture which is essentially strain-
controlled, the influence of stress triaxiality results not only from void growth,
but also from cavity nucleation, especially when this process takes place con-
tinnously as in cast duplex strainless steel. Cleavage fracture is essentially
dependent on the distribution of maximum principal stress,
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