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ABSTRACT Statistical modelling of cleavage fracture initiation has become increasingly
popular during the last few years. Several different models, for describing the behaviour of
fracture toughness in the cleavage fracture temperature region, have been presented. Even
though the models may differ considerably in their basic assumptions of the microscopic frac-
ture mechanism, macroscopically most of them still yield an identical result,

When considering the ductile-brittle fracture transition region the case is more complex and
therefore the number of models describing it is not so large. In this region the fracture initiation
is affected by large-scale yielding effects as well as the effect of ductile tearing prior to cleavage
fracture initiation. This increased complexity is also reflected upon the existing models as to
yield macroscopically different results. :

in this paper different existing models for cleavage fracture initiation are examined and a
general model is derived in order to explain why the different models yield an identical macro-
scopic result. Furthermore, also the differences in models describing the ductile-to-brittle tran-
sition region are explained and finally an alternative simple correction function for fracture
toughness results in the ductile-to-brittle transition region is presented and verified.

Inirednction

The different possible mechanisms of cleavage fracture initiation are rather
well known. It has been recognised that the critical steps for cleavage fracture
are ().

() initiation of a microcrack e.g. fracturing of a second phase particle;
(II) propagation of this microcrack into the surrcunding grains;
I11} further propagation of the propagating microcrack into other adjacent
ner p
grains.

; Depending on temperature, loading rate, and material, different steps are
more likely to be most critical. Because materials generally are not uniform on
a microscale, cleavage fracture initiation has a statistical nature. Attempts to
describe this statistical nature have been made since the presentation of the
Ritchie, Knott, and Rice model {2). The first attempt to develop a guantitative
statistical model for cleavage fracture initiation was carried out by Curry and
Knott in 1979 (3).

The need for statistical modelling of cleavage fracture initiation has been
acknowledged during the last few years. A number of models, for describing
the behaviour of fracture toughness in the cleavage fracture temperature
region, have been presented. Most of them are based on the assumption of
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cleavage fracture initiation to behave like weakest link statistics ie. one single
critical event is sufficient to cause macroscopic failure. Even though the
models may differ quite a lot in their basic assumptions of the microscopic
fracture mechanism, macroscopically they still yield similar results,

In the ductile-brittle fracture transition region, the cleavage fracture initi-
ation 1s more complex. In this region the fracture initiation is affected by large-
scale yielding effects as well as the effect of ductile tearing prior to cleavage
fracture initiation. Some attempts have been made to develop statistical
models to also describe this temperature region. Here the increased complexity
is reflected upon the existing models as to yield macroscopically different
results,

In this paper different existing models for cleavage fracture initiation are
examined and a general model is derived in order to explain why the different
models yield similar macroscopic results, Furthermore also the basic differ-
ences in the models describing the ductile-to-brittle transition region are
evaluated and finally an alternative simple correction function for fracture
toughness results in the ductile-to-brittle transition region is presented and
verified.

General statistical model for cleavage fracture initiation

The basis of the statistical mode! is presented in Fig. 1. It is assumed that the
material in front of the crack contains a distribution of possible cleavage frac-
ture initiation sites, i.c., cleavage initiators, The cumulative probability dis-
tribution for a single initiator being critical can be expressed as P(a > a4} and
it is a complex function of the initiator size distribution, stress, strain, grain
size, temperature, stress, and strain rate etc. The shape and origin of the initi-
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Fig 1 Basis of the general statistical model
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ator distribution is not important in the case of a ‘sharp’ crack. The only
necessary assumption is no global interaction between initiators. This means
that interactions on a local scale are permitted. Thus a cluster of cleavage
initiations may be required for macroscopic initiation. In such a case the
cluster forms the critical initiator and it can be treated as a single event. Also
the assumption does not cause any restrictions on whether initiation or propa-
gation is most critical. All the above factors can be implemented into the initi-
ator distribution and they are not significant as long as no attempt is made to
determine the shape of the distribution.

The cumulative failure probability of a volume element, with an uniform
stress state, can be expressed as

Pi=1-—1{1—Paza)™" (1)

where N, is the number of initiators in unit volume and V is the volume of the
element.
Equation (1} can also be re-written as

Po=1—exp [V *In {1 - Pla> a)}"] ®

In the case of several independent homogeneous volume elements, with size
¥, having different slates of stress the total cumulative failure probability
becomes ‘

s

Po=l-am Y Ko {l - Pa ) o

i=1

where n is the number of volume elements.

Equation (3) contains one restricting assumption, i.e, that the volume ele-
ments are homogeneous so that the number of initiators in a volume element
is defined as N = N_ - V. In reality the initiators are randomly distributed,
which causes N to be not constant, but Poisson distributed (4). If we mark the
mean number of initiators with N, the probability Py of having N initiators in
a volume element is

N¥-exp (—N) .

Py=——Fr— (4)
The probability of initiation in one volume element becomes

Pe=1- 3 {1-Plaza)" Py (5)

N=0

Performing the summation one obtains

Pe=1—exp [N {1-Plaza)]l exp(—N) | (6)
which reduces to

Po=1—cxp{-N-Paz>a)) 7
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Thus the form of equation (3), when assuming randomly distributed initiators,
is

n
Pe=1-—exp } {—N,V;*Pfa>ay} (8)
i=1
where N, is the mean number of initiators per unit volume.

If the probability of an initiator being critical is smaller than 0.1, equations
(3) and (8) are practically identical. Because the probability of an initiator
being critical is usually much smaller than 0.1 it is really arbitrary which form
to use.

It should be emphasised that the above expressions contain no approx-
imations.

For a ‘sharp’ crack in small-scale vielding the stresses and strains are
described by the HRR field. One property of the HRR field is that the stresses
have an angular dependence. Thus the stress field can be divided into small
fan-like elements with an angle increment A@. In this case the cumulative
failure probability becomes

2n Xp _ .
Pf=1—expz{Z—NV'B'Ax°x-sin(AG)-P(aBac)} %
=0 kx=0

where the volume element in the x direction, described by Ax must be clearly
Iarger than the initiator size a. The double summation indicates that the sum-
mation is performed over the whole plastic zone.

Due to the properties of the HRR field it is possible to normalise the dis-
tance with the stress intensity factor

X

= (Kde)z (10)

When equation (10} is inserted into equation (9) the cumulative failure prob-
ability becormes

K4 piid Up _
P;=1—exp[B sin (A0) - —i' Z {Z N‘,'U°AU'P(a2ac)}:|
Oy =0 lu=0

(11)

The result of the double summation is always negative and independent of K.
This enables us to write

P;=1—exp(—const. B K} (12)

It is seen that the scatter of fracture toughness is really independent of the
cleavage initiator distribution. The result contains no approximations. The
only assumption is that the initiators are independent on a global scale. In
other words it is assumed that the volume elements are independent for a
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constant K;. Only, if it is assumed that a certain fraction of the crack front
must experience critical initiations to cause macroscopic failure, then the result
wili differ from equation {12). In the derivation, the cleavage fracture process
zone was assumed to be equal to the plastic zone, Equation {12) is, however,
not sensitive to the definition of the process zone as long as it is assumed that
the process zone size correlates with K;, CTOD, or J. It is interesting to note
that equation (12) is identical to the Weibull distribution function with a fixed
value for the shape parameter. The result is not, however, related to Weibull
statistics in any way but to assume a weakest link type faiture mechanism.

Equation (12) would imply that an infinitesimal K; value might lead to a
finite failure probability. This is not true in reality. For very small K, values
the demand for Ax to be clearly larger than the initiator size is violated. Also,
for very small K, values the stress gradient becomes so steep that even if cleav-
age fracture can initiate it will almost immediately arrest, thus causing a stable
type of fracture. This is an effect often seen with ceramics. Finally, the pre-
fatiguing process causes a warm pre-stress effect. All these factors lead to a
lower limiting K, value below which cleavage fracture is impossible. For test
specimens of steel it seems that the pre-fatigue load governs the value of K ;.
This assumption is based on acoustic emission measurements where it has
been found that acoustic emission occurs only at load levels above the pre-
fatigue load (5).

Allowing for K, the equation describing the fracture toughness scatter can
be written as

B (K, — K .\*
Pi=l—expy——|—7T7= 13
f p{ Bo (KoAKmi)} 9
In equation (13), B, and K, are normalisation constants. The normalisation
thickness B, can be made equal to any desired reference thickness. The scale
parameter K, corresponds to a 63.2 percent fracture probability, for thickness
B, and is approximately given by Ky = 1.1 - K ...

Next, other existing statistical cleavage fracture models are compared on the
basis of the general model.

Other statistical models for cleavage fracture initiation

During the past years a relatively large number of statistical models for cleav-
age fracture have been developed. It would be unrealistic to try to describe
them all here, but a short chronological review on their evolution will be
attempted.

Ritchie, Knott, and Rice (2) were the first to apply statistical consider-
ations to the cleavage fracture initiation event, They concluded that the critical
cleavage fracture stress must be achieved over a ‘characteristic’ distance. Thus
they actually defined a critical volume, because of the angular nature of the
stress distribution. They did not, however, perform any statistical derivations,
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and therefore their model (RKR) cannot be regarded as a true statistical
model,

The first attempt to develop a quantitative statistical model for cleavage
fracture initiation was performed by Curry and Knott (3). Their model was
much more refined than the RKR model, They based their treatment on the
actual carbide size distribution and, combining it with a cleavage fracture cri-
terion and the stresses in front of the crack, calculated a probabilistic estimate
for K. Unfortunately their derivations contain unnecessary approximations
that lead to an overly simplified result. Instead of predicting the scatter in
fracture toughness, they obtain only one single value. They also assume that
fracture nucleation is sympathetic across the crack front, thus predicting no
statistical thickness effect. Curry proposed that the RKR model could also be
interpreted as a statistical mode! similar to the Curry and Knott model (6}.

Another approach was used by Landes and Shaffer (7). They assumed that
the scatter in fracture toughness followed the two parameter Weibuli distribu-
tion, where the shape parameter was taken as material and temperature
dependent. This approach has since been applied by several investigators, for
example, Andrews, Kumar, and Little (8), Briickner and Munz (9) and Satoh,
Toyoda, and Minami (16). Later Landes and McCabe (11) attempted to
improve the method by including a third parameter for the minimum tough-
ness. The disudvantage with this approach is that it lacks a sound theoretical
background, and that it contains two—three unknown fitting parameters.

Since these “first’ atternpts several new models have been developed. Here,
some of them will be presented and compared on the basis of the general
model presented above. The micromechanical background of the different
models will not be discussed in detail. The models will mainly be examined
from a statistical point of view. The main differences in the different models lie
in the physical definition of P(a > a.) and the cleavage fracture process zone.

The initial derivation of the macroscopic scatter in cleavage fracture was
performed by the Beremin group (12) and first presented by Pineau in 1981
(13). They assume pure weakest link behaviour for cleavage fracture, describe
Pla 2 a.) with a two parameter Weibull distribution function, define the cleav-

age fracture process zone by the plastic zone size and end up with an equation .

identical to equation (12). One of the most comprehensive descriptions of the
model is by Mudry (14). The Beremin model has become quite widely spread
and it has been applied and modified by a number of investigators. Two early
applications of the Beremin model were performed by Qu, Wang, and Tsai
(15) who tried to determine the parameters experimentally and Hou et 4l. (16)
who applied it to describe the notch acuity effect on measured cleavage frac-
ture stress,

Evans (17) developed another model for cleavage fracture. He defines
Plaz=a)as

Plaza)= (G n J“)m (14)

g+ g,

1
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Evans divides the crack front into slits and assumes that fract}irﬂ qf each s]:'t 11‘31
described by weakest link statistics. Thus he obtains an equation like equat;(;n
(12) for the fracture of a single shit. Howgver, Evans assumes tha.t a c;rr ”
percentage of slits (50 percent) must be subject to cleavage fracture in or ; e
produce unstable extension of the major cragk. Therefore tht? Evans m?t e :
not a true weakest link model. Furthermore, it dpes not pre(.hc.t any scafer. o
size effects in the fracture toughness. From a mwmmecha‘m_stlc pmr_llt of view
the Evans model would seem to be more suitable for describing ductile tearing
cture.

thi;&l’:lll?:aégaeagi, and Torronen derived a modcl_ (WST) based‘ on the actpal
cleavage fracture micromechanism (18). Th.ey derived a theoretical ‘exprei:rslst?ll;
for P(a = a.). By further developing the mlcromec.:hamcal assump.tlgtr.lstors e
Curry and Knott model (3) they assurped tl.ie primary cleavage ml; 13.}.t o
comprise of brittle second phase partlclles like carbides. The prc; a 11.3;311
finding a broken carbide having the radius greater than or equal to ry \
according to the model, be expressed as (19}

P¥rzrg) = J”DP“ " P{ro} - or (15)

L]

where P{ry} is the carbide size distribution and Py, is the probability of 3
carbide fra?cturing. It was shown that the particle size distribution is we

described by (20)

S—1 —& 32
P{ry} = @=2" (rTD) - exp (M . ) 7 (16)
P —n \ ¥ rolF
where 7 is the mean particle radius and $ is a distribution dependent constant
$>2).

The probability of a carbide fracturing was described by‘a statistical model
based on the fibre loading model combined with wgakest E.lnlf fra'cture thef)ry
(20). The resulting squation has the form of a Weibull distribution function

including the particle size.

ro) [ o\ (a7
o=t

Equations (16) and (17) have been shown to yield a quant.itatlve description of
the fracture behaviour of brittle particles in a ductﬂ.e rr%atrxx (20). .
The WST mode! is capable of explaining qu‘a.ntx.tatlvely rr'xost‘ of the Expﬁerl;
mental findings regarding cleavage fracture initiation, e.g., it yielded t2 1e 2rzs)
explanation for the notch acuity effect on thfs cleav_ag(? fracture stress ( )(l .
Unfortunately, even the WST model constitutes in its present form only a
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crude approximation of cleavage fracture initiation. The cleavage initiators are
often something else than brittle particles and this should somehow be imple-
mented into the model. Also plasticity, orientation, and grain size effects ete.
should be accounted for. Despite these weaknesses, however, the model still
yields a good description of the macroscopic factors affecting cleavage fracture
initiation (19).

Slatcher {23) was the first to present a derivation of the general model.
Based on weakest link statistics he obtains an equation like equation (12), but
because he applies J instead of K;, the shape parameter is equal to 2 and not 4.
He makes use of the simplification in equation (3), but this does not affect the
outcome of the model. e also discusses the model’s physical significance.
Additionally, he also presents a more quantitative model (similar to the
Beremin model) where P{a = a,) is described by a two parameter Weibull dis-
tribution function.

Lin, Evans, and Ritchie (24) have modified the Evans model (17). They
(LER) now define P{a = a,) with a three parameter Weibull distribution func-
tion, instead of the modification proposed by Evans (17). Like Evans, they
also divide the crack front inte slits. The resulting fracture probability of a
single slit is described by the weakest link type equation (12), but they, as
Evans, demand a certain fraction of slits to fracture in order to cause macro-
scopic crack propagation. Thus the LER model does not predict a statistical
size effect on fracture toughness. They do however attempt to calculate the
scatter of fracture toughness. This is achieved by assuming that a 5 percent
fracture probability corresponds to when 5 percent of the slits have fractured
and a 95 percent fracture probability corresponds to a situation when 95
percent of the slits have fractured. This assumption unfortunately is erroneous.
The way LER formulate their requirement for macroscopic crack propagation
means that the failure probability of a single slit does not correlate with
the probability for macroscopic crack propagation. Thus the LER model is
unfit to describe the fracture toughness scatter. This error also decreases the
usefuiness of the model for other applications.

Tyson and Marandet {25) tried out several different definitions of P(a = a,)
corresponding to different fits to inclusion size distributions. Otherwise their
derivation is similar to the Evans (17) model with the exception that they
assume a true weakest link behaviour of the crack front fracture probability.
They obtained in all cases an equation like eguation (12) to describe the
scatter in fracture toughness.

Anderson (26) defines P(a > a.} with a three parameter Weibull distribution
function and applies a weakest link assumption. In small-scale yielding he
defines the cleavage fracture process zone size (active volume) to be partly
related to 6% and partly to § (5 = crack tip opening displacement). Because the
part of the active volume related to 4% is dominating, he ends up with an
equation like equation (12). Subsequently Anderson and Stienstra (27) have
refined the model by making the calculations over the whole plastic region.
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Godse and Gurland (28) have made an attempt to modify the LER {24)
model. They also define P(a = a) with a three parameter Weibull distribution
function and demand a certain fraction of the crack front to fracture to obtain
macroscopic crack propagation, but contrary to LER they define the cleavage
fracture process zone to have a constant width. This causes the model to be
two-dimensional in nature, not relating to the angular stress distribution. Ana-
logous to the LER model, the Godse and Gurland model is incapable of pre-
dicting the fracture toughness scatter,

The short reviews presented here show that there are two rivalling assump-
tions regarding cleavage fracture initiation. The more popular assumption is
based on pure weakest link behaviour and leads to equation (12) for the frac-
ture toughness scatter. The other assumption demands a certain critical frac-
tion of the crack front to fracture to cause macroscopic crack propagation. In
this case the models are incapable of predicting the fracture toughness scatter,
because they contain no information regarding how the critical fraction differs
from material to material, and specimen to specimen.

Fortunately the theory based on pure weakest link behaviour has been com-
paratively well verified by experimental data. For example, Wallin (29) and
later Anderson and Stienstra {27) and Miyata, Otsuka, and Katayama (30)
have shown with Monte Carlo simulation that the experimentally determined
Weibull shape parameters in reality correspond to a value of four for K (Fig. 2).
The exact values for the confidence intervals obtained by the different
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Fig 2 Theoretical scatter of experimentally determined values for the Weibull shage parameter as
a function of the number of tests, when K, = 20 MPa,/m (29)
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researchers are not exactly identical to each other, as the result is dependent
upon the fitting procedure applied. Instead of using Monte Carlo simulation,
the confidence intervals could be obtained from especially published tables.
More on the subject can be found, for example, in (33). Additional experimen-
tal verification of the model based on single data sets have been obtained by
several authors. Recently Urabe performed 30 CTOD tests on a low alloy steel
(31). His results are presented in the form of K values in Fig. 3. The K; values
were estimated from Urabe’s crack tip opening displacement values § with
Ki=FE+'m- g, 5 where m = 1.7. The used K., of 23 MPa,/m corresponds
to his maximum pre-cracking stress intensity factor. Another large data set for
AS33B Cl. 1 steel has been presented by Neville (32). His data are plotted in a
failure probability diagram in Fig. 4. Unfortunatety Neville provides no infor-
mation regarding the specimen size and pre-fatigue level. Miyata, Otsuka, and
Katayama {30) performed 60 CTOD tests on SM 41 B steel. Their results are
presented in the form of & values in Fig. 5. Because 8 ~ K2, ie. 8, » 8.1, ¢in
has been taken as zero for simplicity. The fact that part of the data in Fig. 5
corresponds to large-scale yielding does not seem to affect the scatter notice-
ably. Figures 3-5 also include the 90 percent confidence limits of the rank
probabilities {33). In the case of K, (or \/ J or \/ 8) the confidence limits are
practically symmetrical (Figs 3 and 4), whereas in the case of J or 4 (Fig, 5) the
confidence of the rank estimates is not symmetrical.

The statistical thickness effect has also been quite well verified by Wallin
{34) as well as others {e.g., (14)(23)(27)}). Some of the most dramatic proofs of
the thickness effect are depicted by a re-analysis of the ORNL thermal shock
experiments {35), where the statistical thickness effect was used to describe the
fracture toughness of the 1000 mm wide thermal shock cracks based on 25 mm
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Fig 3 Urabe data (31) in the form of a failure probability dingram, with confidence limits for rank
estimate
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Fig 4 Neville data (32} in the form of a failure probability diagram, with confidence limits for rank
estimate

CT specimen data (Figs 6-8). Figure 8 contain also size corrected data from
50 mm (2T) and 10 mm (CV) CT specimens. K; corresponds to the elastic—
plastic equivalent K, calculated from the J-integral. In all cases it is seen that
the size corrected CT specimen data describe the measured toughness of the
1000 mm wide cracks very well, with an exception for the upper transition
region where the small specimen data is affected by large-scale yielding.

As shown above, the transition region is problematic. There, both large-scale
yielding as well as ductile tearing may affect cleavage fracture. These combined
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Fig. 5 Miyata ef al. data (30) in the form of a CTOD based failure probability diagram, with
confidence limits for rank estimate
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Fig 6 Statistical medel based analysis of thermal shock experiment A material (35)

cffects usually cause an apparent change in the shape parameter. Because the
effects of the two factors are opposite in nature, they may in some cases yield a
zero combined effect. This is probably the case with the Miyata, Otsuka, and
Katayama data in Fig. 5. In order to model the fracture toughness scatter
reliably also in the transition region both of these additional factors must be
accounted for. Most existing models that have been developed for the tran-
sition region consider only one of them. Next, the effect of both factors will be
examined separately.

Ductile crack growth correction (DCG)

The basic assumptions for the DCG correction (36) are presented schemati-
cally in Fig. 9. The distance parameter § ~ x - of,,/K? defines the cleavage
fracture process zone size. In the derivation it is assumed that there exists a
specific ductile fracture initiation toughness K, and that the lower limiting
fracture toughness K., is zero, The sampling volume is presented as having a
wedge shape with an active angle 6. The value of the angle and even the exact

MODELLING OF FRACTURE IN DUCTILE-TC-BRITTLE TRANSITION 427

200 = [ : |
o TSE-7 2:-C=1000mm
I Scatter band from size
corrected 1TCT specimens
150 — )
£ o
3 o
g 100 -
-
! —— =
50 |- I —
I
0 | | | I
-100 -50 0 50 100
T (°c}

Fig 7 Statistical mode] based analysis of thermal shock experiment 7 material (35)

shape of the sampling volume is arbitrary. It is only used to show that the
stress and strain distributions have an angular dependence. The stress distribu-
tion within the wedge in front of the crack is assumed to be insensitive to the
crack growth. This assumption is based on the existing FEM analysis results.

Considering the fact that equation (12) actually describes a volume we can
rewrite the equation as

Poe1—exp {g(vg—)} (18)

The volume increment due to both increase in loading parameter as well as
crack growth is, when written as a function of Aa and neglecting second order
ferms

OV = 25 4S80 [ (Ba) + 2 f(A0)? * oFlf) 2 ha (19)

where K; = f{Aa).
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Fig 8 Statistical model based analysis of thermal shock experiments 5 and 6 material (35)

Integrating equation (19) and combining it with equation {18) the Aa correc-
tion becomes

1 flAa* 2-0f,
1-P K3 Ki-p
for K; > K.

The ductile crack growth correction presented here is not unique. Another
DCG correction has been presented by Briickner and Munz (37). They have
previously derived an expression for the ductile crack growth correction based
on normal weakest link type Weibull statistics. When fixing the Weibuli slope
to be equal to 4, their expression becomes
1 K} 1 Aa

SOV ST SOV Ag)® - 1
e S e MU AR (21)

In Aﬂf(Aa)Z ~d Aa (20}

H

where W, is a constant, describing the size of the active volume in mm.
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Fig9 Schematic presentation of basic assumptions regarding ductile crack growth correction (36)

Ehi, Munz, and Briickner (38) have applied equation (21) on a very large set
of data in the transition region, Unfortunately their model does not include
the large-scale yielding effect.

Comparing equation (21) with equation (20) it is seen that they are rather
similar, The difference in them is that the expression based on the general
model assumes that the effective active volume continues to grow as a function
of (K32 even after the ductile crack growth begins, whereas Briickner and
Munz assume that the size of the active volume becomes constant when
ductile crack growth starts.

The fitting capability of the two crack growth corrections is practically iden-
tical (36), but here, the assumption of the active volume being a function of
{K?)? is assumed because it seems logical to assume the plasticity to grow with
increasing loading.

Both equations (20) and (21) have a drawback. They require that the crack
growth integrals are solved. This means that the actual R curve up to cleavage
fracture for each specimen must be known. Because there usually exists scatter
in the ductile tearing R curves the application of equations (20) and (21) is
either very laborious or demands the use of some mean approximation of the
R curves. To overcome this difficulty a simplified form of the crack growth
correction is required.
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If the ductile crack growth is independent of K, the crack growth correction
is much simplified. It can be written as

1\ K, 2 Aa- gl \
et I 1 ow 22
(1“1~Pf) Ko ( Tk p )

When the crack growth is small 21 mm and/or the R curve is relatively flat,
equation {22) can be used to approximate equation {20), by insertion of K, in
place of K;. When accounting for specimen thickness and a lower limiting
fracture toughness the approximate correction becomes

1 1/4 K. —K . B 1/4 2 Aa- 2 i4
In — ] min _f 14 ‘; O Fiow (23)
I —F Ko — Kpin \ By Ky - p

Large-scale yielding of ligament (39)

Brittle cleavage fracture is a critical stress controlled local fracture process.
The possible cleavage fracture initiators are randomly distributed and this
causes cleavage fracture to be a statistical event. A pre-requisite for cleavage
fracture is local plasticity at the site of fracture initiation, Therefore the process
zone for cleavage fracture must be smaller than or equal to the plastic zone
size, Because cleavage fracture is stress controlled, the probability of cleavage
fracture initiation is largest close to the stress maximum, A somewhat refined
version of the WST model (21) indicates that with a 95 percent probability,
cleavage fracture will initiate closer to the crack tip than approximately 3-5
times the distance to the stress maximum. This can be taken as an effective
process zone for cleavage fracture initiation. Outside this region cleavage frac-
ture is still in theory possible within the plastic zone, but the probability of
fracture as compared to the fracture probability closer to the stress maximum
1s essentially negligible.

The J-integral or K, describes cleavage fracture initiation as long as it
describes the stresses within the process zone with an adequate accuracy.
McMeeking and Parks (40) showed with their FEM calculations that at
increasing J levels the stresses start to deviate from the small-scale yielding
calculations. They plotted their results in the form of the normalised distance
x/{J/o,) to be able to make the comparison with the small-scale vieiding
results, With increasing J the stresses deviated from the smail-scale vielding
results at smaller values of normalised distance. When the process zone is
defined with the normalised distance it is possible to determine the ligament

size and J level at which the stresses no longer describe the process zone

correctly. If the cleavage fracture initiation process zone extends to approx-
imately 3-5 times the distance of the stress maximum the McMeeking and
Parks results would indicate that the size restriction b = « + (J/a,) should be
b = 35-60 - (J/a,). It should be pointed out that the size restriction for cleav-
age is not the same as the standard size restriction for ductile facture (x ~ 25).
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Besides having a ligament size restriction it is equally interesting to know
what happens to the stresses at higher load levels. In order to investigate this
the McMeeking and Parks results were replotted in coordinates where the
distance is normalised with the ligament and not by J. The thus obtained
results are presented in Fig. 10. It is seen that the stress distribution above a
certain load level saturates and becomes independent of J, and depends only

ECB a/w = 0.9 (5ol

og/E =1/300 n =10

b/(Jfog)

89
26 =
16
11
9

L X Jule;

0 ! !
G 0.1 0.2 0.3

x/b

Fig 10 Stress distribution in front of crack for large-scale yielding (40)
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on ligament size. This means that beyond a certain critical J-value the effective
J from a cleavage fracture point of view becomes constant.

The effect of large-scale yielding can also be investigated by re-analysing the
FEM calculations by Mudry and co-workers (14)(41). They apply the Beremin
model (12) based on Weibull statistics combined with large-scale yielding
FEM calculations of a CT specimen. The results are interpreted in the form of
an effective Weibull stress which for small-scale yielding is defined as o, ~
(Ki - B)*™ where B is the specimen thickness and m is the Weibull shape
parameter. They determine a J validity criteria as the load level where the
large-scale yielding o, deviates more than 7 percent from the theoretical small-
scale yielding result. Another possibility of how to analyse their results is to
make use of the theoretical small-scale yielding definition of ¢, and to turn the
large-scale yielding results directly into an effective K, value. One re-analysed
result for a CT specimen is presented in Fig. 11. Here the same behaviour as in
Fig. 10 is visible, First, at low K; levels, the effective K, 1s equal to the
measured K;, but above a certain level K, . saturates and finally becomes
constant. The saturation level corresponds to a maximum J_,, that yields a
size criterion of approximately b = 50 * (J,,./0noy). This is well in accordance
with the assumption of a cleavage fracture initiation process zone having a size
of 3-5 times the distance to the stress maximum which led to a size criterion of
b = 35-60 - (J/o,).

1 I ]
CT, a/lw=0.6, n = 0.1, Oy = 300 MPa
/
200 |- 7 —
"—‘“—————-————'—/—?/—T’Wo—'o—'s
/
Ve
= @
~ /
a
E &
100
5 2212
= -{)’ .
eff y .65 [14]
1} ] ] ]
0 106G 200 300

Kj {MPavin]

Fig 11 Relation between K ad K, ., (1)
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With the foregoing discussions in mind, the following assumptions regard-
ing the effect of ligament size on cleavage fracture toughness are proposed:

— the J integral (or K;) describes the cleavage fracture initiation event as long
as b = 50 - (']/O-flew);

— at higher load levels the effective load parameter J, is constant and equal
to Jmax =h- O-flow/SO;

— when J reaches J_,, ductile tearing will precede cleavage fracture initi-
ation.

As already mentioned, Mudry and co-workers also determed a ligament size
limitation for cleavage fracture initiation (£4){41). They did not do the calcu-
lations in the form of K, or J, but in the form of the so-called Weibull stress
defined in the Beremin model (12). Thus their results are not so easy to
analyse. The Beremin model has also been used by Amar and Pineau (42) to
describe the large-scale yielding effect in the tramsition region. Their stress
analysis is based directly on FEM analysis, but they do not consider the sta-
tistical effect of crack propagation. Unfortunately their results are not suitable
for a re-analysis on the basis of the derivations presented here. This is due to
the fact that they used cracked round tensile specimens. For this specimen
type the crack circumference is not constant, but changes as a function of
crack growth. Even in the simple case of small-scale yielding and no crack
growth equation (13) is not valid for these types of specimens. This is because
equation (13) assumes a constant thickness in front of the crack. For the round
tensile specimens the effective thickness is analogous to B=2"- - (Ry — x),
where x is the distance in front of the crack., When this is inserted into equa-
tion {9) the result will be considerably more complicated than equations {12)
or (13). The resulting equation can be expressed roughly as

P, =1 —exp — {const, - Ry - K} — const, - K7} (24)

Only if Ry > (Ky/a,)*, will equation (24) reduce to equation (12).

Satoh, Toyoda, and Minami (STM) have tried to develop a model for large-
scale vielding {(43). They define P(a = a.) with the two parameter Weibull dis-
tribution function and assume that the cleavage fracture process zone size is
constant in large-scale yielding. However, they assume that the stresses are still
described by the HRR field. These assumptions contain a discrepancy. The
cleavage fracture process zone is determined by the stress distribution and
therefore the process zone size should not be constant if the stresses are
described by the HRR field. Furthermore, STM do not consider the statistical
effect of crack propagation. Thus the STM approach does not secem directly
suitable for describing the transition region.

Anderson (44), equivalently to the present analysis, defines an effective J3,
value based on the actual stress distribution, but his analysis does not include
crack growth.
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Next an attempt is made to verify the theoretical assumptions presented
here also experimentally.

Experimental verification

The experimental verification consisted of 105 K, tests with identical speci-
mens {39). All specimens were tested at room temperature and the value of the
J-integral at cleavage fracture initiation as well as the amount of ductile
tearing were recorded. The results are presented as a multispecimen J—R curve
in Fig. 12,

Equation (22) implies that if K, is constant, one will obtain a linear func-
tion of ductile crack growth. The results are shown in Fig, 13. After a ductile
crack growth of approximately 0.6 mm the fracture behaviour is exactly as
predicted through equation (22). This confirms the assumption of a constant
effective load parameter. The next step is to try to determine the value of
Ko
JII' one considers only specimens without ductile tearing K should be
equal to K, and equation (13) can be applied. The present results showing no
ductile tearing are presented in Fig. 14. The experimental results describe
equation (13) rather well when considering the confidence of the rank analysis.
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Fig 12 Fracture toughness results. Points and squares correspond to cleavage fracture initiation
(39
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The presentation of the confidence limits in Fig. 14 differs from the presen-
tation in the other figures. Here, instead of drawing the confidence limits as
smooth lines with reference to the fitted median line as described in (33), the
confidence limits are expressed with reference to the median rank estimate for
each individual test result, thus producing irregular lines. For the first type of
presentation the experimental results should lie within the confidence lines,
whereas for the second type of presentation the median fitted line should lie
within the confidence limits. Both types of presentation are equally well
applicable. The results yield that K, =~ 20 MPa,/m and K, ~ 260 MPa,/m.
When this information is combined with the information in Fig. 13 one
obtains that K., ~ 208 MPa,/m, which corresponds to o~ 44 and f~
0.0058 = 5.3 - U,,,,, with U, equal to the normalised distance to the stress
maximum from the crack tip.

The analysis can also be performed directly on the combined data, by using
equation (23) and by applying K. instead of K;. K. is then either equal to
K; of K,y depending on the value of K;. A best fit of all the data yields
K., ~ 20 MPa/m, K, ~ 244 MPa/m, K., ~ 169 MPa/m (x ~ 65) and
£~ 00037 =34 U,,.

It is seen that the experimental estimates of both the size requirement (), as
well as the cleavage fracture initiation process zone size (f), are comparatively
close to the theoretical assumptions. Therefore it is possible to fix a as 50, ff as
35-U,,,, and K, as 20 MPa\/m‘ Thus the only peramater to fit is the
normalisation toughness K.

The results of the analysis of the present material are presented in Fig. 15. In
this figure the 5 and 95 percent confidence limits of the rank based probabil-
ities are included. The data are seen to be well described through the simplified
crack growth correction. The standard deviation of the estimates of rank prob-
abilities is 0.03.

The model is applied on three other materials. In Figs 16 and 17 data by
Iwadate {45) have been analysed by equation (21) by using o = 50 and f =
3.5 * Uy (36). The third material relates to E£hl, Muonz, and Briickner (38}
and Briickner-Foit, Ehi, Munz, and Trolldenier {46). They found that for all
geometries tested there were no fracture initiation sites within a distance of
about 1 mm from the specimen surface. Thus one should really use the thick-
ness reduced by 2 mm for the thickness correction. Usually this is not neces-
sary, but for very thin specimens with B < 10 mm the effect must be accounted
for. In Fig. 18 the data, corrected for specimen thickness, have been presented
as a function of crack growth.

The thickness correction yields a very good normalisation of the data. Fur-
thermore it is seen that in the large-scale yielding situation the data again yield
a linear function of ductile crack growth.

Based on Monte Carlo simulation the theoretical expectance value together
with the 90 percent confidence limits for the standard deviation of the esti-
mates of rank probabilities were determined as a function of number of tests N.
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¥ig 15 Crack growth correction analysis for 105 specimens (36)

The result describes the theoretical accuracy of a fit that is based on rank
probabilities. The results of the simulation are presented in Fig. 19 together
with the result of the present analysis as well as results for several other data
sets found in the literature {47).

Considering the fact that equation (23) is merely a crude approximation and
theoretically applicable only for macroscopically homogeneous materials, the
present results are more than satisfactory. On the whole the results are quite
promising and they would indicate that the statistical crack growth correction
presented here is realistic. It also seems that ‘macroscopical’ inhomogeneities
in the base material do not have a pronounced effect on the fracture toughness
distribution.

The exact values for o and # cannot be reliably determined here and it is not




438 DEFECT ASSESSMENT IN COMPONENTS

i | |

1.5— A 470 steel [85] ;.
CT-specimens T = -60 °C

Ofjow = 810 MPa

Ko = 160 MPavm

Kmin = 20 MPa/m
Jmax = B * Iflow/50
B= 0.01723.5 - Upay
1.0 By = 25 mm

1/u

TP

[leg

B

e 12.5 mm
o 25 mm
B 50 mm
g 75 mm
A 100 mm
|

1.0

0 0.5

2z
(Ke’Kmin ] . [Bnetym{} . 2+ Aa C’ﬂow].l /4

Ko Kinin Bo Kg B

1.5

¥Fig 16 Crack growth correction analysis for 63 specimens (36}45)

known how they will change from one material to another, but it is felt that
one can with sufficient accuracy apply o = 50 and f = 3.5« U ..

The fact that equation (23) yields a correct description of the brittle fracture
probability has widespread effects regarding fracture toughness testing in the
ductile/brittle transition temperature region. It means that it is possible to use
quite small specimens for the tests, the results of which can then be trans-
formed to represent the behaviour of a large specimen or a structural detail.
The correction for a single test can be expressed as

B \'* 2+Aa- a3, \\"*
Klarge = Kpin + (Kjeﬂ — Kopin) (B: ) ! (1 + __"”'"“r“;ﬁ_w (23
arge Je

where K, and By, correspond to the corrected result.
As an example of its applicability, the ORNL pressurised thermal shock
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¥ig 17 Crack growth correction analysis for 78 specimens (36)(45)

experiment, two results have been analysed by equation (25) in Fig, 20 (35),
Here, the small specimen (25 mm CT) data were corrected to correspond to
the actual 1000 mm wide crack, including the effect of large-scale yielding and
ductile tearing. For comparison also the deterministic ORNL analysis where
the small specimen data have been treated with the empirical Irwin/Merkle
f-correction is presented in Fig. 21 (48). The constraint based f correction,
assumed to give a lower bound toughness, yields in this case actually an
unconservative estimate of the fracture behaviour of a 1000 mm wide crack.

Summary and conclusions

It can be concluded that the weakest link based statistical approach to cleav-
age fracture initiation offers effective means of analysing fracture toughness




440 DEFECT ASSESSMENT IN COMPONENTS

h ] i o
L]
20Mn Mo Nisb STEEL
3 —
T
E
£l E
E ™~
o=l
=lc
o]
o
. 7 =
P
Y
&
-1 < . .
- 90 3 - confidence
— bands for
£ N =30
e o Bn=4mm N=28
o ® Bn=9.5mm N=30 >CT-specimens
/! O Bn=2tmm N=63
' +2-C=18mm N=36
! {Four point bend surface cracked
; plates)
0 l | |
g 4.1 4.5 1.0 1.5
Aa (mm])

Fig 18 Thickness corrected failure probability diagram in the form of crack growth. Dzta from
{38)(46)

MODELLING OF FRACTURE IN DUCTILE-TO-BRITTLE TRANSITION 441
N
1000 100 30 15 10 6 4
6.15 T f { H f gI
95
" KN E{P-Prank)? / °
.P=1—exp—L7—) 2D =\ — d
= KD N-1 min
D .
@ 21/4Cr 1Mo steel
O 20 Mn Mo Ni 55 steed
A A LT0 steel
B.10— = A 508 steel
A A 533 B steel
% A 508 steei o
V A 469 steel
+ BS 4360 G50 D steel

i |
6 0.1 0.2 .3 6.4 a.s
1/v/N

Fig 19 Theoretical 94 percent confidence limits for the standard deviation of the estimates of rank
probabilities as a fanction of number of tests N (47)

data. The model assuming pure weakest link behaviour has been adequately
verified for the lower shelf region. Here the model can be used to develop
statistically sound safety factors to be used in failure assessment codes.

For use in the ductile-to-brittle transition region a simple large-scale yield-
ing correction has been presented. When combined with a ductile crack
growth correction it can be used to describe the scatter and thickness effect of
fracture toughness. The model has a strong impact on standard development
for fracture toughness testing in the ductile-brittle transition region.

Despite the excellent results that have been obtained by the model, much
work is still needed to make precise the values of the cleavage fracture process
zone size and the ligament size requirement.
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