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Abstract

At present, treatment of fracture toughness data varies depending on the type of data
(Kic, J, CTOD) that are available for fracture mechanics andyss. This complicates
dructurd integrity assessment and makes it difficult to gpply any single, unified
procedure. Within the Brite-Euram project 'SINTAP a fracture toughness estimation
scheme has been developed for the unified trestment of data for use in Structurd
integrity assessment. As a procedure, it can be applied to Charpy data, as well as to
fracture toughness data, and is suitable for the trestment of data a both sngle and
different temperatures. The data sets may contain results from both homogeneous and
inhomogeneous materiad, making the procedure applicable dso to welded joints. The
procedure dlows fracture toughness assessment with quantified probability and
confidence levels. Irrespective of the type of the origina data, one materid-specific
Kma Vvaue representing a consarvative eimate of the mean fracture toughness is
obtained (with its probability distribution). This information can then be applied to
sructurd integrity assessment.

1 Introduction

At present, trestment of fracture toughness data that are to be used in fracture
mechanics analyss varies depending on the type of data (K,c, J or CTOD) that are
avalable. This complicates structurd integrity assessment and makes it difficult to
aoply any single, unified procedure. Paticularly regarding welds, sgnificance of
materid's inhomogeneity (LBZ9) in terms of quantified probability and confidence
levels is not encountered in ructurd integrity assessments in a unified manner. In the
cases where fracture toughness data do not exist and cannot be easily obtained, it is
necessary to base the estimate on Charpy data via the use of appropriate correlation



between Charpy energy and fracture toughness. Many of the exising correlations,
however, may only be gpplicable to a certain part of the trangtion curve or a smal
range of materids or just parent plate.

Within 'SINTAP, the am was to develop a fracture toughness estimation scheme

[1,2] for the unified trestment of various forms of toughness data for use in Sructurd

integrity assessments. Formulated to a procedure, one materid-specific toughness
parameter, K, together with its probability density distribution P{K .4} is defined,

irrespective of the type of the origind data. For assessment againg brittle fracture, the

procedure is based upon the maximum likelihood concept (MML) [3] that uses a
'Master Curve' method to describe the temperature dependence of fracture toughness.

As aresllt, a consarvetive estimate of the mean (50 %) fracture toughness (and the

digtribution) is obtained.

The present methodology can be gpplied to indirect (Charpy) data [2] or to actua
fracture toughness data [1] and is suitable for treatment of data at both sngle and
different temperatures. This way, areliable estimate can be obtained for various forms
of data sets containing results from both homogeneous and inhomogeneous materid.
Thus, the Procedure is expected to work well not only for base materids but, in the
case of welded joints, for weld metals (WM) and heat-affected zones (HAZ). For the
cases where the design of a structure againg brittle fracture is not necessary, reference
[4] is made to a separate approach.

The procedure represents a user-friendly step-by-step methodology which allows a
relidble fracture toughness assessment with quantified probability and confidence
levels. The work within 'SINTAP is currently progressng towards the am of
establishing a unified European procedure for structurd integrity assessment tailored
towards the practical user.

2 Indirect Determination of Fracture
Toughness

In redlity, direct fracture toughness data are often not available and cannot be easly
obtained, making it necessary to base the estimate of fracture toughness on the Charpy
impact energy Cv). Since no sngle correation can be applied to dl parts of the
toughness trangtion curve, the SINTAP Procedure provides the following options [ 2]:

(i) A lower bound corrdation for brittle (Iower shelf) behaviour
(i) A gatisticd method for the trangtion regime (The 'Master Curve)
(i) A lower bound correlation for the ductile (upper shelf) behaviour.

Within this framework, guidance is dso provided for:
(i) Determination of the Charpy 27/28 J temperature (Tg) from data at other

temperatures
(ii) Converson of Jand CTOD vauesinto equivaent K 4 values



(iii) Quantification of the influence of drain rate

(iv) Trestment of Charpy data determined on sub-size specimens.

The principles of the treetment of Charpy data are described in [2] and shown as a
flow-chart in Fig. 1. The sdection of the appropriate correlatiion is based on
knowledge of the expected operating regime of the materia (brittle/ductile), and on the
qudlity of the Charpy datathat are available.
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Fig. 1. Flowchart for selection of appropriate Charpy - fracture toughness -
correlation[2].

2.1 Determination of fracturetoughnessin the brittle regime:
Master Curve Concept

For materids operating in the brittle regime the determination of fracture toughness
follows the 'Master Curve concept, which is based on the corrdation between the
Charpy 28 J (27 J) temperature and the temperature for Ky = 100 MPaOm. The
relationship is modified to account for the required failure probability (Eq. 7), thickness
effect (Eq. 8) and the shagpe of the fracture toughness trangtion curve (Eg. 9).
Consequently, fracture toughness (K ma) in the trangtion regime can be defined as[2]:

K,y = 2o+{11 +77exp(0.019[T—T283 +18° c])}.(25/ B)"* {in(1/[1-R ])}1/4 @



T = dedgn temperature (°C)

Tos; = 28/27 J Charpy trangtion temperature (°C)
B = gpecimen thickness or flaw width (2 - ¢) (mm)
P = probability of falure

Std. dev. = 13°C

Cv = Charpy impact energy (J)

AtaCv of 28 Jthe use of Eq. (1) with the lower 5th percentile of fracture toughness
and a 90 % confidence level leads to a smple equation which represents a
conservative lower bound estimate of fracture toughness:

Kmazs = 12 OCV (2)

where Kpazs is the estimated K-based fracture toughness of the materid in MPaOm
for athickness or flaw width (2 - ¢) of 25 mm.

The fracture toughness evaluated in accordance with Eq. (2) applies to 25 mm thick
specimens. The resultant caculated Ky must therefore be corrected for the
gppropriate thickness (or flaw width) by:

K mar = | (K matzs - 20).(25/ B)"*

+20 ©)

A comparison of the fracture toughness vaues predicted using Eq. (2) with a number
of other published corrdaionsisgivenin [2].

2.1.1 Validation within SNTAP

The 'Magter Curve gpproach has been gpplied [2] to a number of stedlsincluding line-
pipe, ship plate, high-strength quenched & tempered stedls, welds and structura sted!
beams and columns. The relationship between T,7; and Tioompm fOr this wide range of
stedls demondrates the generdly good description of the data by the expression.

Where discrepancies were observed, these could be attributed to dissmilar
microstructures sampled in the Charpy and fracture toughness tests or to the
occurrence of splits on the fracture surfaces of specimensin TMCP stedls.

2.1.2 Additional Factors Applicabletothe Magter Curve Concept

For the cases where Charpy data corresponding to an energy level different to 28/27 J
are avallable the use of limited extrgpolation is permitted. This is based on a lower
bound fit to Charpy data on a wide range of Structurd stedls. Extrgpolation from 40
°C above and 30 °C below T,7; can be made to estimate T,7; for structura stedls|[2].

Where a materid is operating in a high loading rate regime, corrections can be made
by applying a drain-rae dependent temperature shift to the trangtion temperature



T100mpam SiNCe the shgpe of the fracture toughness trandtion curve is unaffected by the
dsrainrate[2].

The adjustment of trandtion temperature (by introducing a shift) becomes necessary
when sub-sized Charpy specimens are used instead of standard 10 x 10mm specimens
(where the 28 J value corresponds to 35 Jcm). The shift in this trangtion temperature
associated with sub-size specimens (DTss) can be described as[2):

DT, = 514 1n(2[B 120]°% - 1) (4)

Consequently, the Master Curve concept can be applied to awide range of stedls, the
reliability of the resultant estimate of fracture toughness quantified and factors such as
high loading rate or sub-size Charpy data accounted for. The method is dso fully
coherent with that used for the fracture avoidance clauses of Eurocode 3.

2.2 Determination of fracturetoughnessin the ductile regime:
Deter ministic Approach

There is, a present, no equivaent of the 'Master Curve for upper shelf behaviour,
consequently a deterministic approach is used. For the ductile regime the Procedure
[2] provides two correations, both of which have been vaidated for a wide range of
deds

K, =054Cv+55 (5)

(Kna !s,) =052[cv/s |- ace) 6)

y

The upper shelf fracture toughness is evauated in accordance with both expressons
and the lower vaue taken. Eq. (5) is only recommended when the Charpy energy is
greater than 60 J. Vdidation exercises demondrated that, while no datidtica
quantification was made, the predictions were reigbly conservative [2].

3 Treatment of Fracture Toughness Data

In generd, trestment of fracture toughness data (i.e. Kic, Kic, Jdc, 3, FR, Kicductile)
can be classfied as ether (i) design againg brittle fracture or (ii) desgn againg ductile
fracture, with either (iii) brittle or (iv) ductile fracture data available. The procedure is
described in detail in [1] and shown as a flow-chart in Fig. 2. In the case of CTOD
data in the form of d or J, the treatment is conducted using relevant K-CTOD-J
conversons[2].

3.1 Assessment against brittle fracture

The 'SINTAP Procedure [1] is based upon the MML concept [3] that uses a'Master
Curvé method to describe the temperature dependence of fracture toughness. The



method makes the following assumptions: (i) specimen Sze adjustment, (i) distribution
of scatter and (i) minimum toughness and temperature dependence. Being equaly

goplicable to welded joints, (iv) a data homogeneity check is included. As aresult, a
conservative esimate of the mean fracture toughness (and its distribution) is obtained.

The method isin compliance with the recent sandard ASTM E 1921-98.

3.1.1 Scatter and Sze effect of fracturetoughness

The procedure [1] assumes the scatter to follow the datistica brittle fracture mode
which uses aWeibull type distribution function to describe scatter as:

R K, - K, 00
F{KlCEKI]:l- expé—gK'Tg_ (7)
0 min U &

where P[K\c £ K|] -i.e. P; - isthe cumulative falure probability at a K, leve, K is
the stress intengity factor leve, Kin is the lower bound to the fracture toughness and
Ko isatemperature (To) and specimen thickness (B) dependent normalisation fracture
toughness which corresponds to a 63.2 % cumulative failure probability (and is
approximately 1.1 K ., where K. is meen fracture toughness).

The methodology [1] predicts a detigticl Sze effect of fracture toughness test
pecimens of the form:

Kegz :(KBl - Kmin)(Bl/BZ)]M +Kin (8)

where B, and B, correspond to respective specimen thickness (length of crack front).
Although "K " itself can be regarded as "theoreticd™ in nature, it has been found that
for structural stedls, afixed, experimenta value of K i, = 20 MPaOm can be used.

The modd here is based upon the assumption that brittle fracture is primarily initiation
controlled, even though it contains a conditional crack propageation criterion, which
among other factors results in the lower bound fracture toughness K ,,. Close to the
lower shef of fracture toughness (K c < 50 MPaQm), the equations are expected to
be inaccurate because the initigtion criterion is no longer dominant, and the
meacroscopic fracture is propagation controlled. In this case there is no Setistical Sze
effect [1].

In the ductile-to-brittle trangtion region the equations presented here should be vdid
aslong asloss of congraint and/or ductile tearing do not play asignificant role [1].

3.1.2 Temper atur e dependence of fractur e toughness

The 'Master Curve' is used in the new ASTM standard (E 1921-98) for fracture
toughness tegting in the ductile-to-brittle trangtion region. It gives an gpproximate



temperature dependence of the fracture toughness, Ko, for ferritic structurad steds as
[1]:

Ko = 31+77.exp(0019] T- T, ) 9

where TO (°C) is the trangtion temperature where the mean fracture toughness,
corresponding to a 25 mm thick specimen, is 100 MPaOm and K(To) which is a
normalisation fracture toughness at 63.2 % cumulative falure probability, is 108
MPaOm.

3.1.3 Homogeneity check

In the case of 'homogeneous materid the estimate can be based on the mean vaue of
the data. In the cases where the "brittle microstructure' is substantially more brittle than
the 'matrix microstructurée, the fracture behaviour will be dominated by the former,
consequently the estimate must be based on the minimum value of the data [1].
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Fig. 2. Flowchart for treatment of fracture toughnessdata[1].



3.1.4 Procedure description

Firdly, the origind fracture toughness data is written in the form of K4, with sze-
adjustment made for specimens of thickness other than 25 mm. The procedure
progresses according to three steps, each of them setting a different vdidity leve for
that part of the data that is to be censored. It should be emphasised that censoring the
data does not mean neglecting the data. The whole data set is involved in the analys's,
however, a cartain pre-assumption is made concerning the nature of the data being
censored.

Depending on the characterigtics of the origind data available, the procedure guides
the user towards the Step that gives the most appropriate toughness estimate K 4 for
the fracture toughness andysis to the particular case being assessed. In the last stage,
the find K,,,, fracture toughness estimate (and its probability distribution) are

caculated either according to Step 1, 2 or 3.

Sep 1: Norma MML Egtimation. All the available datais used for the estimation, with
the exception of ductile results ending in non-failure, and those results which are
affected by large-scde yidding (thereby exceeding the specimen's measuring capacity
limit). Censoring can be made eg. according to: Kicgimiy = (E X Iy X Sys / 30)°%,
defined by the new ASTM standard (E 1921-98).

Sep 2. Lower-Tal MML Edtimation. The 50 % upper tail of the data set is censored
and the remaining data (corresponding to a cumulative probability of 50 % or lower) is
used for MML esimation of Kpy or To(Kmg). This ensures that the etimate is
descriptive of the materid (i.e. microscopic properties), without being affected by
macroscopic inhomogenety, ductile tearing, or large-scde yidding (i.e. unredidicdly
high 'gpparent’ toughness vaues).

The Step 2 then proceeds as a continuous iteration process, until the 'constant’ level
for either Ko or Ty has been reached.

Sep 3. Minimum Vaue Edimation. Only the minimum toughness vdue (i.e. one vaue
corresponding to one single temperature) in the data set is used for the estimation. The
intention is to asess the sgnificance of a sngle minimum test result, with the am a
avoiding unconsarvative fracture toughness estimates which may arise if median (50 %)
fracture toughness is used for a maerid expressng dggnificant microscopic

inhomogenety.

Consequently, Step 3 sets a criteria to the adlowable difference between the median
(50 %) and the lower-bound (5 %) fracture toughness levels. Provided that the
obtained K g or To(Kma) estimate according to Step 3 is more than 10 % lower or 8
°C higher, respectively, than the corresponding estimate according to Step 1 or Step 2
- whichever of them islower: Kya (or higher: To(Kma)), this Sngle minimum value is
regarded as sgnificant and the estimate according to Step 3 is taken as afind estimate



of materid's fracture toughness. Otherwise, the lowest (highest) one of the estimates
given by Step 1 and Step 2 istaken as afind estimate.

By teking into account the posshility that a Sngle minimum vaue in a data set can
become ggnificant (i.e. cgpable of triggering brittle falure) due to maerid's
micrascopic inhomogeneity, the procedure can be gpplied in the cases where the HAZ
of an otherwise tough sted exhibits LBZs[1].

3.2 Treatment of ductile fracture data

The treatment of datain the case that only ductile fracture data is available depends on
whether the possibility of brittle fracture in a particular structure can be excluded or
not.

3.2.1 Dedgn againg brittlefracture

For the cases where only ductile fracture data are available, but the possibility of brittle
fracture in a structure cannot be excluded, Step 3 which treets the minimum initiation
vaue as a lrittle cleavage fracture event, can be rdiably used for fracture toughness
esimation [1]. This is often the case in Sructures with their operating temperature in
the materid's trangtion regime or close to the lower shelf.

3.2.2 Dedgn againg ductilefracture

For materids with their operating temperature in the upper shdf regime, or materids
which do not exhibit brittle cleavage fracture, a separate gpproach [4] is advised to be
used. Due to insufficient knowledge of the extent to which eg. congraint, mismatch,
scatter, definition of ‘initiation’, testing etc. influencing the fracture behaviour should be
congdered, this gpproach is not meant as a procedure, but is suggested as guidance

[1].
4 Advantagesand Limitations

Vdlidation exercises have demongtrated the advantages of the 'SINTAP Procedure in
obtaining fracture toughness estimates for various forms of data sets from base
materids and welds[1,2]:

() The various trestments including specimen sze adjusment, incdluson of grain
rate effects etc. can be applied directly to K 4 data.

(i) Even the estimate derived from 'lowest qudity data is dways 'safe because
the less sufficient/accurate the origind data, the more it will be pendised in the
probabilistic fracture mechanics assessment.

(i) By reating the pendty to the qudity of the originad data any additiond deata
improving the accuracy of a previoudy existing data st can be readily utilised
in terms of reduced conservatism.

(iv)  The procedure enables the quantification of probability and confidence levels
of the Ky estimate.



v)
(i)

Multiple safety margins that could lead to unnecessary conservatism, are
avoided.

The whole data set can be fully utilised in the andyss, regardless of whether
the results are ductile or brittle.

To ensure the reliable use of the procedure, the following premises must be fulfilled [1]:

(i)
(ii)
(D)

(v)

The data sst must be representative to the gpplication of the Structure/
component being assessed.

In the case of welds, data should be available for al the ‘critical’ zones (eg.
HAZ, WM).

For the fina structurd integrity assessment, suitable confidence and probability
levels should be chosen in rdation to the criticdity of the particular
component/structural member.

Should the dtructure's operating temperature lie close to the materid's upper
shelf and only brittle fracture data being available, appropriate ductile fracture
data should be generated.

5 Conclusons

A fracture toughness estimation methodology for the unified trestment of various forms
of toughness data for use in Structurd integrity assessments of ferritic dructura deds
has been described. The most important findings can be drawn:

1)

)

3

(4)

Rdiable correaions between Charpy and fracture toughness have been
established: (i) alower-bound correlation for lower shef behaviour, (i) Master
Curve based corrdation for trangtion regime incorporating thickness
adjusment and datistical scatter and (iii) a corrdation for upper shelf
behaviour.

The influence of loading rate and trestment of sub-sized Charpy data can be
numericaly incorporated to the indirect evauation of fracture toughness.

Relationships describing K-CTOD-J conversions, as well as guidance for
goproximating T,7; from Charpy data a other temperatures have been
determined.

A 'SINTAP Procedure for the treatment of fracture toughness data in three
Steps has been developed, in which one materid-specific Ky vaue (and its
probability digtribution) is defined. For assessment againg brittle fracture, the
procedure is based on the MML concept using the Master Curve method,
producing a consarvaive esimate of the mean fracture toughness. The
procedure has been verified to work well for various forms of data sets
containing results for both homogeneous and inhomogeneous materias. For
cases where only ductile fracture data are available, but the possibility of brittle



Q)

(6)

[1]

[2]

[3]
[4]

fracture cannot be excluded, Step 3, treating the minimum vaue as brittle, can
be reliably used.

The procedure dlows fracture toughness assessment with quantified
probability and confidence levels. With a confidence of 75 %, a conservative
and hence 'saf€ estimate is obtained., irrespective of the type of the origind
data. The procedure thereby produces a redistic description of the lower tail
probabilities. The verification caculations show that with as few as 6 tedts (i.e.
6 pardlds), the probability of having a conservative estimate of the mean is »
75 %. This would be considered quite adequate for the mgjority of structura
integrity assessment purposes.

The work within SINTAP is currently progressng towards the am of
edablishing a unified European procedure for structurd integrity assessment
tailored towards the practica user.
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