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Abstract

Characteristics of extreraal statistics that are used 10
predict size effects on cleavage fracture oughness in
the transition range were explored. A 533 grade B
steel base and weld metals were tested using compact
specimens ranging in size from 12TC(T) 1o 8TC(T)
and with sufficient replication in some cases 10
provide good fits 1o Weibull distributions. The
classical specimen size effect on data scatier and
median K, toughness at & given test lemperature was
observed in the low- 10 mid-transition range. These
effects were well predicted with extremal statistics.
However, the same model & not applicable on the
lower shelf, and it also becomes extremely weak and
unreliable in the mid- 10 high-transition range. The
Irwin B-p, relationship was also explored as 8 model
and was found 10 predict similar size effects.

The predictive characteristics of the latter seemed
better suited 10 deal with the diminution of size

effects in the near- 10 low-shell toughness range. In
the rising toughness part of the transition, the
predictive characieristics were aboul the same as the
statistical model up 1o where B, (B, In this study) of
the baseline (small specimen) dala were x Of less.
This work could be used in the establishment of a
framework for transition lemperature test criteria.
Upper- and lower-bound B, criteria could be used 10
define optimum conditions for the application of
either of the aforementioned models. For
rurveillance programs, sensible rules should ve
specified as 10 specimen size requirements and
numbers of specimens 10 be tested in order 10 apply
these analytical models. Another need would be the
definition of a prr cedure for the Weibull distribution
fitting. The present report suggests items 10 he
considered for requirements in application of these
predictive techniques.
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A Comparison

of Weibull and B, Analysis of

Transition Range Fracture Toughness Data"

D. E. McCabe

Introduction

The fact that section size has an effect on the
transition temperature of ferritic sieels has been
known for several decades, but aside from empirical
observations of constraint effects (Pellini and Puzak,
1963, Rolfe and Barsom, 1977) no rationale in the
form of analytically based models were forthcoming
until recently. Early application of statistical
practices lacked a physical concept that could serve
s the basis for an improved understanding of what
was already known empirically. Recently, the
principle of exireme value swatistics has been shown
to provide the needed model, and Weibull analysis
has been applied 1o the model 1o characterize data
distributions. Good accuracy of determination
requires considerable replication of 1ests, however,
In the current project, over 120 compact specimens
of A 533 grade B, class 1, base metal in sizes ranging
from 12T 10 4T and A 533 grade B, weld metal
ranging from 1T 1o 8T have been tested in the
transition range with sufficient replication at some of
the test iemperatures for viable staustical analysis.
Hence, the methods that have recently been
proposed 10 predict trends in mean toughness values
due 10 specimen size can be accurately evaluated.
The 1est specimen matrix, sieel chemistries, and

*Research sponsored by the Office of Nuclear Regulaiory
Research, Division of Engineenng, U.S. Nuclear
Regulatory Commussion under interagency Agreement
DOE 1886.8011-98 with the US Department of Energy
under coniract DE-ACOS-840R21400 with Manuin Manetia
Energy Systems, Inc

tensile properties for the materials tesied are given
in Tables ! through 3, respectively. The toughness
parameter 10 be used herein is K, which is defined
us K, at onset of cleavage and is derived by
conversion from J. This report will evaluaic Weibull
data fitting methods and extremal (weakest link)
statistics that are used 10 predict specimen size
effects. Also, limited data are available for studying
the effect that slow-stable crack growth can have on
the two and/or three parameter Weibull models. An
elternative predictive model, the B, fracture
toughness adjustment 10 measured values of K, that
is deterministic in general use and uses a constraint
based argument, will also be discussed.

Weibull Analysis

The rationale 10 apply extremal statisucs 10
transition temperature behavior was developed by
Landes and Shaffer (198)). Using a two-parameter
Weibull model, they demonstrated how data from
small specimens (1T compact) could be used 10
characterize the fracture toughness distribution of
larger specimens (4T compact specimens). The
scatter beiween replicate specimens was proposed 10
be governed by occasional weak points or sources for
brittle cleavage crack initiation distributed randomly
throughout the microstructure. Small specimens
have less crack front in direct proportion 1o the
compact specimen thickness, and hence contain
proportionately fewer inclusions of critical size.
Larger specimens are more likely 10 have lower
overall toughness and narrower scatter bands because
of the greater opportunity for having critical
imperfections. The fracture toughness was expressed
in terms of J, and the distribution for small

NUREG/CR-5788



g Table 1. Test materials and number of replicate specimens used in statistical analysis
Q
g Test Number of specimens
3 Material temperature
g o) 1270 17Ty () (") 6TC(T) L11o0)]
A 533 grade B class 1, -150 18 17 12
Plate 13A -75 20 26 12 6
-18 6 2
24 5
A 533 grade B welds
72w 10 4 2 2 2
3w -5 B 2 2 2
L
Table 2. Nominal chemical compositions for A 533 grade B class 1 base piate and . 0 welds
Composition
Material® (wt %)
C Mn P S Si Cr Ni Mo Cu v
A 533 giade B aass |, 0.25 134 035" 04" 0.29 055 052
Plate 13A
A 533 gr de B weids
nw 0093 1.66 0006 0006 0044 0.27 060 058 0.23 4003
3w 0.098 1.56 0005 0005 0.045 0.25 0.60 0.58 021 0.503

"ASTM specifications for A 533 grade B class |

*Marimum
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Figure 1. Cumulative distribution function
versus (J, - 1) for ASOR class 3
steel at -59°C

this context, (J, = Jo,) is the independent variable,
and constants 8, and b become the dependent
variables. Seven examples of three-parameter
determinations (Landes and McCabe, 1984) gave four
apparently reasonable J, results for lower-bound
toughness predictions. The three doubtful
predictions were from small daia sets containing only
four to seven values, and these were far 100 few 10
expect a good measure for nonlinearity of a data
population. The general form expressed in terms of
K is:

Pp= 1~ exp{~[(K - Ka (K - Koo)' 4)
and (K, - K,,) is the scale parameter.
Wallin (1984) has performed Weibull analysis on

numerous data sets (large and small). He has
¢ 'neluded that toughness data expressed in terms of

NUREG/CR-5788

K should have a fixed Weibull slope of b = 4 and
that K, should be about 20 MPavm. Implicit in
this argument is that &ll J, distributions should have
& Weibull slope of b = 2. This conclusion has been
generally supported by others (Mudry 1987,
Anderson, 1989). Accepting a fixed Weibull siope
of 4, it follows that when P, = 0.632, (K, ~ Ko,) s
equa’ 10 the scale parameter (K, - K, ). Knowing
this, the following equation can be established 10
transform K, data from one specimen size, B, 10
another size, B,

Ka = Ko + (K = Ko (B/By (5)
where

K = lower bound fracture toughness,
B = thickness of the specimen, and
Ka = K, for a specimen of thickness B,

Wallin has used the above relationship to collapse
K, data from several specimen sizes 10 one specimen
size 10 enlarge data replication. Obviously, the
accuracy of this normalization depends on the
postulate that there is a single Weibull siope for all
fcrritic matenials that is invariant over all specimen
sizes and test temperatures, and that K is also
invariant over all thicknesses and temperatures.

The fitting of Equation 4 10 test data became
inaccurate at the high end of the transition range
because of the two competing fracture mechanisms of
brittle cleavage fracture and ductile slow-stable
tearing. Stable crack growth produces multiple
effects, some of which retard cieavage and some of
which promote it. Stable crack growth leads to
reduced constraint (McCabe, Ernst, and Landes,
1985) by causing crack tip blunting, which weakens
the siress concentration that promotes cleavage.
Stable crack growth also increases the volume of
material subjected 10 high stress, as well as causing
elevated crack tip strain rates, both of which promote
cleavage. The Weibull distribution fit 1o data is
hampered by this competition, with the result being a
slope change above a certain toughness level (see
Figure 2). Onset of slow-stable crack growth
effectively develops at or near J,, and this has been
identified as a possible cause of the bilinear trend
(Anderson, 1989). An explanation is that with crack
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Table 4. Weibull fitting parameters for A 533 grade B

Plate 13A (Weibull slope fixed a1 b = 4)
Test Specimens Comelatios
Waparsirs KR K eticient
(*C Size Number
=150 12TC(T) 18 435 40.6 10.5 0971
1TCM 17 452 430 24.5 0978
2TC(M 12 47.2 4.8 19.0 0.981
<75 12TC(T) 20 130.0 124 425 0.938
1ITCM 26 111.8 1018 0 0.993
2TC(N 12 111.1 102.6 135 0.983
4TC(T) 6 94.1 86.4 6.0 0.982
«18 1TCM 6 194.3 1773 0 .

*K, 18 the three-parameter scale (actor
"Kooow 18 the vaiue of K, at P, = 0.5,
Koo  the fittng parumeter.

fitting parameter that is needed specifically 10
improve (he data fit 10 the fixed Weibull siope.
There were only two cases where an excellent fit
could not be established, and these were for
L2TC(T) specimens tested in a moderately .ncreased
toughness range at =75°C (see Figure 9) and 1TC(T)
specimens with high toughness. tested at - 18°C (see
Figure 6). In the latter case, only one of the 1TC(T)
data points did not fit the slope of 4 and this one
also showed significant slow-stable crack growth prior
10 wnstability. ‘The curvature in the data trend in the
case of the 12TC(T) specimens a1 ~=75°C (Figure 9)
does not fit very well 10 the Weibull slope of 4,
primarily because there was a sharp break in slope a
about K, = 125 MPa/im,

Crack Growth Correction

Five of the six 1TC(T) specimens tested at -18°C (it
& Weibull slope of 4, as shown in Figure 6. All but
one of the specimens had essentially negligible
stable-crack growth, and the one that devialed was
for the highest toughness with about | mm of stable-
crack growth prior to cleavage. Three of the five

NUREG/CR-5788 3

specimens tested at 24°C had significant slow-stable
growth prior 10 cleavage instability. Two others (not
shown) did not cleave and full R-curves were
obtained. Equation 6 was then used 10 develop a
no-growth equivalent toughness (Table 5). Also,
included in the next 1o the last column of Table §
are the fracture .oughness, Kg, values obtained from
R-curves corresponding 1o the point on the R-curve
that has the same amount of prior slow-stable crack
growth. Nearly equal comparison was not possible
because the K, 1est specimens had smooth sides and
the R-curve specimens were 209% side-grooved
Nevertheless, a point can be made that the plastic
deformation properties, as observed by macroscale
R-curve data measurements, were not significantly
reduced by local crack-lip, strain-rate effects
Figure 14 shows the extent of fracture toughness
adjusiment calculated for all 1TC(T) specimens
lested at - 18°C. The one specimen that had
significant growth (4%), had a 13% increase in K
whereas about a 65% toughness reduction was
needed 1o bring that point into line with the other
data having negligible crack growih. The
adjustments are not @ monotonic function of crack
growth only, because both R-curve shape and the

et
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BB, Fracture Toughness Correlation

As previously noted, the L2TC(T) specimens of

A 533 grade B steel tested at ~75°C had shown a
bilinear Weibull characieristic where there was no
significant stable crack growth (Figure 15). The
break in slope, therefore, must have been due 10
onset of reduced constraint and this violates one
requirement for valid application of exiremal
statistics. Onse. of reduced constraint apparently is
about 125 MPavim for 1/2T2(T) specimens of A 533
grade B sieel, and Lhis also happens ' be where

B, = 2x. The p, correlation of Equation 6 assumes
that variatle constraint is the explanation for
specimen size effects and, as such, the suggestion
deserves fair considerstion as an aliernale method of
analysis. The P,-P, model predicts specimen size
effect trends much like those of the extremal
staustics model. Although the §, relationship has
been used in & deterministic way 10 estimate K, it
car also be used to project K, distributions for
various specimens sizes. The individual K, values
that produce a small specimen (oughness distribution
can each be adjusted 10 a larger size, using
Equation 7, and the adjusted vaives then fit with a
new distribution curve.

The circumstance under which the i, constraint
model is clearly more correct in characterizing
specimen size effects than the extremal statistical
model is when toughness is approaching a lower
bound. For example, the woughness of

A 533 grade B class 1 tested at ~150*C is low
enough such that even the majority of the 12TC(T)
specimens behaved the same as the large specimens
and gave valid K, values. Figure 16 represents direct
Weibul! fitting 10 experimental data sets for
12TC(T), ITC(T), and 2TC(T) specimens tested at
=150*C, and it is apparent that there is no evidence
of reduced toughness with increased specimen size.
As was pointed out before, both the highest and the
lowest K,, values measured at -150°C were obtained
with the 12TC(T) specimens. Figure 17 shows thai
extremal statistics based on the 12TC(T) distribution
predicts a considerabie size effect that would only be
truncated for infinite size at the K, value

of 10.5 MPavm. The problem here may be that the
unit volume discussed by Wallin (1984), that is

19

assumed to characierize the inhomogeneity of
cleavage initistion sites in the statistical model, has
become smaller than the smallest volume that
displays statistical The statistical
independence, of course, is basic 10 & weak link type
mechanism.  Figure 20 shows that the
constraini-based B, model predicts that size effects
should be when the median toughness is
below 40 MPavm. Median toughness at aboul

37 MPav/im is in much better agreement with
experimental results,

-
Ky IMPoevi)

Figure 20. §, relationship used on 12TC(T)
data to predict K, populations
for larger specimens.

The BB, relationship expressed by Equation 7 was
based on empirical observations, and lrwin (1960)
cautioned that there are limits at the reduced
thickness and/or high-toughness end of the peneral
trend. It was suggesied that B, = x might be an
upper limit to the use of Equation 7 (lrwin, 1960).

Figure 21 is a plot representing three selected (plane
strain) toughness levels, and the toughness trends
due to constraint differences defined by Equation 7.
Solid data points represent selected K, values from

NUREG/CR-5788
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Figure 21. §,-B, trend lines for three levels
of fracture toughness at -75*C
(A 533 grade B, class 1, 73-ksi
yield strength).

data distributivns at =75*C. These data can be
found in Appendix A, and open points arz predicted
K, values. The upward asymptotic nature of K,,
toughness at low constraint indicates a region of
potential weakness in the mathod. For the -75°C
test temperature shown, B, values for many of the
12TC(T) specimens were above 2x and the
prediction of f§,, would tend 10 be low for large
specimens. On the other hand, the B, values for ail
but two of the 1TC(T) specimens were less than =,
Therefore, frequency distribution predictions made
or 12TC(T), 2TC(T), and 4TC(T) compact

NUREG/CR-5788

specimens were based on the 1TC(T) distribution
(Figure 22). These predictions can be compared 10
the extremal sustistical predictions shown in

ORNL-DWG 91.9710
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Figure 22. p, relationship used on 1TC(T) data
10 predict distributions for specimens
of other sizes (A 533 grade B class 1,
plate 13A, tested at -75°C),

Figure 23. Both have used the 1TC(T) distribution
as baseline. For ZTC T) and 4TC(T) specimens, the
results are comparable between the two modeis. For
12TC(T) specimens, only the extremal statistics
predicted accurately. It would be interesting t0 know
why the statistical model seemed 10 work with small
specimens even when there was a significant bilinear
characteristic in the on Weibull date. With the
data above 125 MPav/m removed, the 12TC(T) data
could be easily fitied 10 a linear slope of 4.

However, the new K, value was determined 10 be
110 MPav/m, so that the prediction from the
ITCT(T) data that 12TC(T) K, is 121.3 MPa
(Figure 23), is less accurate by this criterion.

Discussion

The practical application for this work is the
development of iniormation on the relevance of test
results obtained from small specimens of the size
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Figure 24. Zones of for LZTC(T)
specimens of A 533 grade B 10 make
specimen size effect predictions.

than one-halfl K, for the larges! specimen size 10 be
predicted. The Weibull estimate of the real K,
distribution becomes quite poor when the slope is
fixed and K, is higher than 50% of the median
toughness.

Transposition of data using §,.- B, on the other hand,
requires no prior determination of Weibull fitting
parameters and the transposed size effect data are
betier fit 10 the distribution function,

A few K, velues that were obtained after some slow-
stable crack growth (a1 <18 and +24°C) were
adjusted using the Wallin correction model

Although there were not enough data available 10
make unassailable claims, it seemed as though there
was very little difference in the before and afer
adjusted K, values. The fact that K, dais fal. on the
Recurve for slow-stable tearing suggests that the
impact of stable growth on cleavage volume elements

NUREG/CR-5788

and critical stress models i relatively minor in
comparison 10 the extremal size effect model. On
the other hand, the reduction of constraini during
stable growth seems 10 exert significant influence on
K, data which handicaps the extremal statisiics
model.

The extremal statistical model s most reliable
between the lower. 10 mid-transition wughness part
of the transition range. Size effects become difficult
10 predict where large specimens enter the rapidiy
increased toughness part of the transition curve.

Conclusions

1. Extremal swatistics (Weibull method in this case)
are useful only in a limited range of K, toughness
between the lower- 10 mid-transition range. This
range of u efulness can be decided on the basis of
calculated B, values.

2 The p,-p, model for variable constrainl can be
used 1o predict specimen size effects, but there 1
@ limitation that dawa distributions for which B,
values are predominantly greater than s should be
used with an awareness of a tendency for over
conservatism.

3. To establish & standard practice that advises the
use of extremal statistics on surveillance data, the
following requirements should be addressed:
upper- and lower-bound Limits on @, values,
nuiober and size of surveillance specimens
required 10 obtain good K, determinations and
£00d scale parameiers, and specifics on fituing
three parameter Weibull to dats sets. These
issues can be resolved with more supporting
experimentation.

4. B, analysis 10 project specimen size effects has an
advantage that only one assumption or postulate
must be (rue 1o transpose data,

5 10115 a correct assumption that the Weibull
slope fitted 10 the transposed values is fixed at
b = & the number of daia required 10 model a
data distribution can be substantially reduced.
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Appendix A

Individual K,. Data for A 533 Grade B Class 1, Plate 13A
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