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Abstract- Fracture toughness characterization of
ferritic steels in the ductile to brittle transition region
is problematic due to the observed scatter. This scatter
makes not possible to obtain a single toughness value,
although some statistical methods presented in the
literature allow to manage it and indeed to have a
lower bound value.

The ability of some of these proposals to give
a technological lower bound value from experimental
sets of data was studied. Data from literature and our
research were used for this purpose. One hundred
random combinations of reduced number of elements
from each data set were taken, repeating this
procedure for different number of elements. The lower
bound value dependence on sample size and the
minimum number of specimens needed for a
technological lower bound value determination were
studied. The SPRODZON Method seems to give the
best estimation of a technological lower bound LB.

Keywords —Lower bound, ductile-to-brittle transition,
brittle fracture, Weibull statistics

I. INTRODUCTION

Interpretation of fracture toughness results of
welded joints and ferritic steels in the ductile to brittle
transition region becomes problematic due to the great
scatter observed. This is generally attributed to a
probabilistic effect, resulting from the distribution of low
toughness triggering points for cleavage initiation in the
volume surrounding the crack front. Specimen size plays
an important role on the measured fracture toughness
becauseit would influence not only the exposed material
volume but also different thickness, causing differences
in constraint.

The statistical data treatment has been preferably
performed by means of Weibull statistics. The two-
parameter Weibull w  the first distribution used (Landes
and Shaffer, 1980), although afterwards the three-
parameter Weibull distribution (Landes and McCabe,
1982) was also employed. Kim Wallin (1989a, b)
proposed a three-parameter Weibull distribution with
fixed threshold and shape parameters, with toughness
results corrected both by large-scale plasticity and stable
crack growth. In this way, the number of specimens
necessary to calculate an acceptable Weibull distribution
could be reduced, because only the scale parameter was
necessary to be estimated.

The Weibull distribution is often associated to
the weakest link model (WLM). However, it is not clear
which regime this model would be valid in. Heerens et al.
(1993) stated that the WLM is invalid when previous
ductile crack growth (DCG) or constraint loss are
present, or in cases where there is no evidence of an
unique cleavage initiation point. They proposed to split
the whole data set into two zones by means of a Border
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Line. One of these zones corresponds to the tests that
satisfy WLM. Landes (1993) explained the nature of the
fracture toughness scatter in the transition regime of
ferritic steels by means of a two criteria statistical model:
the Weibull statistics (associated to the WLM) in the
middle temperature range of the transition and a normal
statistical distribution (associated to a critical damage
accumulation) in the early part of the transition.

Anderson et al. (1994) expressed that the WLM
is a necessary but not a sufficient condition for the
occurrence of cleavage, and demonstrated that the
probability distribution of the WLM corresponds to a
two-parameter Weibull distribution (shape parameter
equal to 4 when K is used as fracture toughness
parameter). According to these authors, in spite of the
fact that the three-parameter Weibull distribution
describes in a good way the sets of experimental data, it
has no theoretical basis. Experimental results had to be
corrected for stable crack growth and large scale
plasticity. In disagreement with Wallin's constant value
of threshold parameter, they proposed a temperature-
dependent threshold equal to the arrest toughness (K,,).
Censoring the highest toughness data, or applying
different-from-Weibull statistical functions were also
proposed (Moskovic, 2002; Heerens et al., 2001).

From a technological point of view, it is very
convenient to determine only one value of fracture
toughness in order to characterize the toughness of the
material for a given temperature. Obviously this must be
related to a lower bound (LB) value.

Many proposals for calculating LB of ferritic
steels in the transition region can be found in literature.
Some of them are:

A. Proposals of Iwadate et al.

Iwadate et al. (1983) proposed that the
following relation must be verified to have a valid LB
value in a set of N specimens:

Coi
Ty

Constant value is 1000 or 3000, depending on
the presence or absence, respectively, of ductile crack
growth previous to cleavage. It has been shown (Perez
Ipifa et al., 1994) that the NB value obtained by using
Eqn. (1) does not correspond to the thickness limit given
by ASTM.

The minimum toughness value (J¢p;,) in a set of
N specimens is analyzed. If this Je,,, satisfies Eqn. (1),
then it is considered as LB. More tests must be performed
when the minimum toughness value in the set does not
satisfy Eqn. (1).

This proposal considers two situations:
temperatures at which stable crack growth precedes
brittle fracture, and temperatures at which no stable crack
growth is present at the moment of fracture. It is well

M. B = constant. 6))
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known that in the ductile to brittle transition region there
are temperatures at which some specimens break without
any trace of previous ductile crack growth while others
show some stable extension of the crack (Perez Ipifia et
al., 1994). 1t is therefore difficult to split sets presenting
tests with or without DCG, in order to use different
constant values (i.e., 1000 or 3000 when working with
integral J).

Later, Iwadate and Y okobori(1994) proposed as
LB a fracture toughness value corresponding to 3%
failure probability. This value can be obtained by means
of a two-parameter Weibull distribution, with both
parameters estimated from the experimental data set.

B. Proposal of Landes ez al. (1994)

Landes et al. (1994) proposed this method for
the determination of a LB value testing only one
specimen. They based their method on Iwadate ef al.’s
proposal (1983), obtaining the minimum number of
specimens N as

N = constant. (.ch f.:r?)f B (2)

where J; corresponds to the experimental toughness
value, B is specimen thickness and o, is material stress
flow.

They also considered a scatter band following a
two parameter Weibull distribution with slope m = 2,
estimating the cumulative probability as F=i/N+1. They
assumed the J; value as the upper bound, corresponding
then to the position of probability N/(N+1), hence the
lower bound, J, 5, must have a probability estimated value
of 1/(N+1). Then J,; can be calculated as:

1
o2
M+l
Tig=Js. 1 3
In[ ]
M+l

The value of constant was set as 1000 in Eqn.

(2).

Landes et al. (1994) stated that this method
works in a better way for small specimen sizes.

When the analysis is performed by using K data
sets, and taking into account the relationship:

_]=KI.& 4)
E

The values of N and m result:
2

K
M=42433—25
&, B )

m=4

with K expressed in MPa.m'?, B in mm and o, in MPa.

Then the LB calculated applying Eqn. (3)
corresponds to the minimum toughness value that would
be obtained with a set of N specimens if the scatter is
described by a two-parameter Weibull distribution with
the slope m=2 (4 when the analysis is made with K
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values).

C. SPRODZON Method (Wallin and Hauge, 1992)

This simple method is termed the Sprodzon
method from an international cooperative research project
with the same name where the method was elaborated. It
appears as a promising candidate for implementation in
specifications and international standards as a method for
characterization of fracture toughness test data (Wallin
and Hauge, 1992). The statistical data significance is
quantified by means of a fractile and a trust level, being
possible to apply the method in any data set size (3 or
more specimens), and even to make comparisons between
sets of different sizes.

This method makes use of two basic
relationships. One is the Binomial Probability for the
minimum value in a data set (F,,;,). For a selected trust
level F,,, and a data set size (N):

qu'n=1_[1_chf)%T ©

The term F,;, represents the accumulated
probability of the minimum toughness value in a data set.
Thebinomial probability does not include any supposition
of data statistical distribution.

The second basic relationship is the statistical
distribution related to the lower tail of the considered
population. Hauge et al. (1994) expressed that if this
region is characterized by brittle fracture without previous
stable crack growth, it can be described by means of a
two-parameter Weibull distribution with slope m = 2
when CTOD is used as fracture toughness parameter.

It is assumed that both F,;, and the minimum
CTOD (0) values define one point in the Weibull
distribution, i.e., one point in the lower tail of the
population. In this way, the scale parameter is implicitly
determined and any fractile of the distribution can be
calculated. For a specified probability level F, the
characteristic CTOD value (8, 5) may be obtained as:

"
i
Fep = ;11‘" N o)
1
T

This method was proposed in order to be used
only in cases where no previous ductile crack growth was
observed (Aa= 0), so it should be limited to the lower
transition zone. It does not match the two failure mode
model proposed by Landes (1993), which states that there
is not a valid Weibull distribution but a Normal one in
this zone. It is not clear how those sets of data presenting
a fraction of specimens that fractured after some stable
crack growth must be treated, i.e., whether this model is
able to be used, whether the data set must be censored or
whether they must be corrected due to DCG effect.

Expressing Eqn. (7) in terms of K , it results:

4
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When J integral is used, 6 must be replaced by
J in Eqn. (7).

D. ASTM E 1921 Standard (1997)

This relatively new ASTM standard uses the
Master Curve concept proposed by Wallin (1989b) and
requires the use of six or more specimens for fracture
toughness characterization of ferritic steels in the ductile
to brittle transition. After converting elastic-plastic J
toughness parameter to equivalent linear-elastic
parameter K and censoring the data that does not fit a
size criterion, a three parameter Weibull Distribution
(with the slope parameter equal to 4 and threshold
parameter equal to 20) is used for the determination of a
mean toughness value. Failure probability analysis can
then be performed and a LB value could be determined,
although the standard gives no orientation to do this.

The main scope in this work was to study the
ability of different methods to predict engineering LB
values in a simple manner, using experimental data sets
without corrections. All the analyzed proposals are in
some way based on Weibull statistics; one of them
corresponds to the distribution presented by Wallin
(1989b), and now used in the ASTM E 1921 standard
(1997) for fracture toughness characterization of ferritic
steels in the ductile to brittle region. The minimum
number of specimens necessary to have an acceptable LB
value was also analyzed.

I1.- MATERIALS AND METHODS
The analyzed methods were:
- Method of Landes et al. (1994), taking for the analysis
both the lowest and the highest toughness value in each
subdata set.
- SPRODZON Method (Wallin and Hauge, 1992)
- Based on the proposal of Iwadate et al. (1994), a failure
probability of 3% using different Weibull distributions
was considered as LB:
a) two and three-parameter Weibull distributions,
estimating the corresponding parameters.
b) Weibull distribution with fixed shape and
threshold parameters, estimating only the scale
parameter, including the distribution used in the
ASTM E 1921 standard (1997) to handle statistic
data. Table 1 shows the values of such fixed
parameters for the different cases analyzed.

Table 1. Values of shape and threshold parameters when
they are considered as fixed (ASTM E 1921)

Data series shape threshold
given in parameter parameter
J 2 0
) 2 0
K 4 20

The data sets used, shown in Table 2, were
either our own laboratory results or taken from literature.
Only raw data were analyzed, i.e. no corrections for
stable crack growth nor for large scale plasticity were
considered. The aim was not to deny the influence of such
factors on toughness results, but to obtain a technological
LB value using simple methodologies.
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Table 2. Analyzed data sets

Material Source Temperature Parameter
U9

ADN42 Home tests 20 J
(Perez Ipifa
et al., 1994)

Hydrogenated Wallin (1993) 20 J

steel

A508 CL3 MPC -50 K
(Van Der Sluys
and Miglin, 1994)

A508 CL3 MPC -75 K
(Van Der Sluys
and Miglin, 1994)

A508 CL3 MPC -100 K

(Van Der Sluys
and Miglin, 1994)

In each case, all analyzed methods were applied
over a variable number of specimens. Each data set (with
N specimens) was subdivided in several subdata sets with
“n” elements, from 3 to N with An=3 (n=3, 6, 9,..., N).
The lowest value, n=3, was chosen because it is the
minimum number of specimens normally required for
mechanical testing. One hundred random combinations,
resulting from the total toughness values and considering
each particular value of “n”, were evaluated. These
random combinations were obtained using a software
designed for such a purpose. This software generates
random numbers, and each of these numbers was
associated to one toughness value, by means of the
corresponding ranking order of the datum in the data
series.

In this way, a LB for each combination was
obtained for different sample sizes, taking the whole data
set as population (N is the population size). This
procedure was repeated for each of the methods listed
above. In this way, a distribution of LBs for each “sample
size” was obtained.

All the samples, those tested by the authorsand
those taken from the literature, were obtained following
standardized procedures.

IT1. RESULTS

Tables 3 to 7 show LB,,,, values and standard
deviations of the evaluated methods. Each table
corresponds to a single material data set, and each row of
the table to wvalues obtained from 100 random
combinations of n selected from N specimens, beginning
in 3 for the first row and increasing by 3 for the
following rows until the total number N of specimens or
a quantity considered sufficient. The last row shows the
LBs for the complete data set (only one combination,
therefore null deviation). The minimum number of
specimen (N,,;,) necessary for a technological lower
bound value determination was also intended to be
determined in this section. For such determination, the
values of LB,,.,, and the scatter band versus the number
of specimen were plotted for each data set and each
method. N,;, was chosen by the authors as the value of n
for which the LB,,.,, becomes approximately constant
and the standard deviation is acceptable.
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Table 3. ADN42 data set (Perez Ipifia et al., 1994). J,,;,,= 5.23 KJ/m’. Mean values (%) and standard deviations (o)
of 100 combinations.

S | Landes Landes Sorédzon L-B Weibull L-B Weibull L-B Weibull
ample min Max P 2 parameter 3 parameter  fixed parameter
S12¢ X o X o X o X o X o >‘< o

3 8.46 380 17.81 336 1328 1623 2245 4495 36.25 5472 3596 14.83
6 6.10 2.43 1996 1.21 7.33 9.93 842 1950 14.83 2193 3728 793
9 5.37 1.59 2025 1.11 5.51 4.06 5.09 5.19 9.90 8.84 3592 6.23
12 4.71 1.29 2055 075 445 1.89 423 3.13 7.27 347 3575 5.55
15 4.54 1.23 2073 045 4.5 1.99  4.09 2.73 7.58 342 3568 4.01
18 4.12 1.13  20.85 031 4.65 1.88 3.73 2.12 7.14 292 3592 342
21 4.12 1.15 2090 022 471 1.46 3.89 1.83 7.09 2.05 36.14 334

36 3.18 - 21.01 - 4.65 - 3.57 - 6.12 - 35.91 -

Table 4. Wallin (1993) data set. Jmin= 44 KJ/m’. Mean values (%) and standard deviations (o) of 100 combinations.

Samole | ondes Landes Sorsdgon LB Weibull  L-BWeibull  L-B Weibull
z?gé ¢ P 2 parameter 3 parameter  fixed parameter
X (9] X (9] X (9] X [y X (Y X (Y

3 2338 5.15 3741 578 4462 2550 74.18 70.73 120.24 9830 76.80 27.01

2091 451 4043 436 4693 28.14 6859 5335 101.22 73.89 76.71 19.96
9 19.44 3779 4215 322 46.60 26.12 63.10 3945 88.67 59.50 76.27 1391
12 18.63 3.06 4286 2.69 4644 2287 5765 29.54 77.84 2287 7748 12.17
15 17.66 258 4383 252 44.04 18.07 5490 2453 7092 18.07 76.81 10.83
18 1690 2.07 44.06 225 4261 13.60 5052 18.19 66.86 13.60 7630 8.14
21 1698 193 4385 2.08 46.03 14.02 5525 18.86 69.32 14.02 7475 7.6l
24 16.48 1.80 44.62 232 4555 1270 54.63 1623 6633 12.70 7545 7.77
27 16.54 1.83 4492 2.02 48.15 14.04 54.14 17.05 6644 14.04 76.05 645
30 16.17 1.81 4488 1.71 48.64 13.54 54.17 14.18 6630 13.54 7540 6.68
33 16.16 156 4524 1.68 4993 1143 5439 13.11 66.19 1143 7571 579
36 1572 170 4546 1.56 4892 1198 5356 10.43 6448 1198 7585 557

105 14.04 - 47.27 - 66.83 - 53.79 - 62.87 - 75.56 -

Table 5. MPC-JSPS (T=-50 °C) (Van Der Sluys and Miglin, 1994) data set. Kmin= 68.2 MPa.m'”. Mean values (%)
and standard deviations (o) of 100 combinations.

Samole | ondes Landes Sorsdgon LB Weibull  L-BWeibull  L-B Weibull
z?;lz e p 2 parameter 3 parameter  fixed parameter
X o X o X o X o X o X o

3 7727 840 96.11 825 89.69 23.53 108.19 51.72 146.54 5584 124.87 21.81
6 7241 824 99.18 749 90.44 2276 100.50 33.90 13798 43.00 121.51 15.53
9 70.13  8.61 101.63 7.25 92.55 2451 98.05 25.63 131.65 3820 121.70 12.73
12 67.55 9.17 103.89 7.11 90.94 27.75 9544 2231 123.63 3832 121.81 10.27
15 64.56 9.12 10536 7.28 8547 2795 9381 18.71 11430 33.60 121.60 8.71
18 63.63 9.40 107.04 7.20 87.00 30.40 9497 1632 114.82 3292 12291 7.36
21 62.84 922 10892 7.00 87.57 30.78 94.76 14.59 113.61 31.29 12292 5.77
24 6141 9.16 10955 6.69 8591 31.62 94.00 12.16 111.01 29.80 12242 531

45 53.16 - 115.14 - 68.01 - 95.23 - 96.89 - 121.85 -
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Table 6. MPC-JSPS (T=-75 °C) (Van Der Sluys and Miglin, 1994) data set. Kmin= 101 MPa.m"?. Mean values (%)

and standard deviations (o) of 100 combinations.

Sample Landes Landes Sprédzon L-B Weibull L-B Weibull L-B Weibull
size __min _ Max N 2_parameter 3_parameter ﬁxe_d parameter
X 3] X 3] X 3] X 3] X 3] X 3]
3 69.30 4.04 79.12 435 6631 870 96.51 23.55 11621 2456 82.82 8.0l
6 67.04  3.55 8078 332 7294 9.11 96.13 1443 113.50 19.29 82.09 5.59
9 66.21  3.55 8229 235 7830 937 97.54 1196 113.27 16.08 82.79 4.20
12 64.73 322 8348 245 7933 846 9645 927 107.75 13.15 8349 3.85
15 64.73 296 83.58 224 8332 773 9691 7.67 10876 11.00 82.54 2.95
18 63.94 268 8421 1.88 8547 747 97.07 7.19 108.01 9.75 82.76  2.57
21 6337 197 8423 1.76 87.07 545 98.10 582 10743 6.63 82.67 2.25
24 63.13 187 84.67 1.74 89.39 548 97.12 550 106.84 6.71 82.80 2.0l
50 61.63 - 86.24 - 103.40 98.01 - 106.42 - 82.62 -

Table 7. MPC-JSPS (T=-100 °C) (Van Der Sluys and Miglin, 1994) data set. Kmin= 58.7 MPa.m"?. Mean values

(%) and standard deviations (c) of 100 combinations.

Lan.des Landes

Sample min Max Sprédzon IE_B Weibull L-B Weibull L-B Weibull
size parameter 3 parameter  fixed parameter

X o X o X 0 X o X o X o

3 61.41 5.55 7126 387 47.93 8.38 69.27 20.92 8142 23.16 64.31 6.01

59.53 5.03 73.06 3.13 52.38 7.61 69.12 13.04 79.84 16.51 63.86 3.65

9 56.88  6.41 73.80 3.07 53.19 9.17 67.25 1122 75.65 1530 6339 3.51

12 56.26  6.38 74.84 225 5529 850 67.62 819 7471 1143 64.19 2.63

15 56.05 6.85 75.61 1.99 5744 9.15 6827 7.48 7548 11.13 63.83 2.41

18 54.07 7.11 75.76 1.81 57.31 9.61 6746 648 73.33 1048 63.83 2.05

21 52.25 7.18 76.11 1.67 56.67 931 66091 576  71.56 9.10  63.50 1.98

24 53.61 7.23 76.59 1.28 59.88 9.17 6826 480 7337 8.02 63.99 1.44
45 45.75 - 77.47 - 58.53 67.83 - 69.70 - 63.60 -

Table 8 shows the values of N,,;, obtained for
the different methodologies applied tothe considered data
sets. In this table the characteristics of the prediction
(presented in the columns named “Pred”) are also shown:

VC: very conservative

C : conservative

G: good

BC: barely conservative

NC: non conservative

This graphical analysis was performed in all of
the data sets, although only one is shown in the paper.

Figures 1 to 6 show the variation of LB,,,, and the
scatter band for one standard deviation with n, for one
MPC-JSPS data set (T=-50 °C) and each of the methods
analyzed. Figure 6 describes the methodology employed
for the determination of N,;,: although LB,,,, is almost
constant for values of n greater or equal to 6, N,,;, was
considered as being 15 because the great scatter observed
for small n. Figures 1 and 2 show that for Landes et al.
method a value of N,,;, for MPC-JSPS (T=-50°C) is not
possible to establish, this was marked with a “?”’symbol
in Table 8.

Table 8. Nmin values for different methodologies and various data sets.

Method ADN Wallin MPC MPC MPC

(-50 °C) (-75 °C) (-100 °C)
Ny, Pred N,;,, Pred N,, Pred N,, Pred N, Pred

Landes Min 12 G 15 VC ? - 9 VC 3 C
Landes Max 12 NC 15 G ? - 9 vC 15 NC

Sprodzon 12 G 18 G 3 NC 15 G ? -
W2P 12 G 18 NC 15 NC 12 NC 6 BC
W3P 12 G 18 NC 15 NC 12 NC 12 NC
Wip 15 NC 18 NC 6 NC 3 NC 3 VC
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- | .Bmean — [.Bmean -0
e Kmin = 68.2 MPa.m'? . .. LBmean+ o

3 6 9 12 15 18 21 n

Fig. 1. MPC-JSPS (T= -50° C) data set. Landes Method
(using minimum).

170
= [.Bmean = [.Bmean - 0

© 150{ __ Kmin=68.2MPam"” , . LBmean+o
T 130
QO 110 [ === mmmmem = 77T TET mme oo e T
— 90 —

70| - ——

50 o ~——

Fig. 3. MPC-JSPS (T= -50° C) data set. Sprodzon
method.

= LBmean + o

150 | === LBmean o .

—_
W
(=]

| e LBmean - o

LB+/-0

e e
e e e e T —— —— —

e Kmin = 68.2 MPa.m'?
3 6 9 12 15 18 21 n

Fig. 5. MPC-JSPS (T=-50° C) data set. LB as 3% of a
three parameter Weibull distribution.

IV. ANALYSIS

The LB,.. values obtained for the 100
combinations for each “n” werenot always lower than the
experimental minimum, and they showed diverse
tendencies depending on the analyzed method and the set
of data. Generally the LB,,.,, diminished as the specimen
number taken in the analysis was increased. When the
number of used specimens was small, the LB,.,, values
were generally higher than the experimental minimum
one, while for high “n” the LB,,,, values, in spite of
diminishing, were not always lower than the
experimental minimum. In some cases, individual LBs

were much higher than the minimum obtained
experimentally.
The different methods presented varied

tendencies as are commented below:

Landes et al.: although Landes ef al. method
was proposed to calculate a lower bound using only one
fracture toughness result, when fracture mechanics tests
are performed in the transition region there are several
results, i.e., three or more. In such situation, the method
can be applied using the maximum or the minimum
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— LBmean —LBmean - o
— Kmin =682 MPa.m'? ... LBmean + o

3 6 9 12 15 18 21 n

Fig. 2. MPC-JSPS (T= -50°C) data set. Landes Method
(using maximum).

170
., === [ BMEaN = LBmean -0
? 150 | = =« = LBmean+o
T 130 M. = Kmin=682MPam"
— 90| =
Z?) | - -
36 9 12 15 18 21

Fig. 4. MPC-JSPS (T=-50° C) data set. LB as 3% of a
two parameter Weibull distribution.

...LBmean+0 —LBmean-o

Y i

— Kmin = 68.2 MPa.m'? — LBmean

3 6 9 1215 18 21 n

Fig. 6. MPC-JSPS (T=-50° C) data set. LB as 3% of a
Weibull distribution with fixed parameters.

experimental J value, resulting in the determination of
two different LB values. This method generally showed
low scatter using either the minimum or the maximum
experimental value of the data subset, although, the
values of LB turned out unpredictable: for the minimum
values, the calculated LBs were sometimes very
conservative and other times not; and for the maximum
toughness values, the LBs were sometimes in agreement
with the minimum of the whole data set, and were other
times non conservative.

SPRODZON: this method presented also small
Noin, although not smaller than Landes ef al. LBs
predicted weremuch closer to the experimental minimum
than Landes ef al. prediction.

Two Parameter Weibull: the observed N,
values were greater than SPRODZON and Landes et al.,
and besides this, the LBs obtained were frequently non
conservative.

Three Parameter Weibul: as expected, the N,
values were higher than the ones obtained by other
methods. It also presented many non conservative LBs.

Weibull with Fixed Parameters: although the
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N,... were frequently small, the LBs obtained were nearly
always non conservative. This would be justified by the
fact that this distribution was proposed for corrected
data, and in this paper no corrections were applied.

The method that showed the lowest Standard
Deviation was that proposed by Landes et al. (1994),
although the predicted LB values were not reliable,
sometimes too small and in other cases very high (Table
3 to Table 7).

Except for Landes et al. method, all of the
analyzed proposals presented high standard deviations in
the predicted LBs for small “n”. These deviations
decreased as “n” increased. As it was expected, as the
number of parameters to be estimated in the distribution
increased, a larger population size for a good estimation
was needed. .

The SPRODZON method seems to be the best
approach for a technological LB estimation:

- in general the LB,,.,, agreed in a good manner with the
minimum experimental (Table 3 to Table 7);

- it showed an acceptable standard deviation;

- the obtained N,,;, were among the lowest of all
considered methods.

The worst results were obtained when the LB
was estimated asa 3% failure probability using the fixed-
parameters Weibull distribution. Despite almost constant
LB,,... values were obtained for “n” higher than 3, their
values were generally very high. Except for two data sets,
involving the whole data, the calculated L Bs were higher
than the minimum experimental fracture toughness
values. Although a LB value slightly higher than the
minimum experimental would be expected when a 3%
failure probability is applied over a large number of
specimens, in some cases this difference was higher than
100%.

The ASTM standard (ASTM E 1921, 1997),
based on the Master Curve Approach proposed by Wallin
(1989Db), establishes the use of a fixed-parameter Weibull
distribution for the statistical characterization of the test
results similar to the analyzed here. Six specimens are
enough in thisstandard. As it was mentioned previously,
this distribution did not fit the analyzed experimental
data in a proper manner, but if it is used to estimate a
technological LB value, six specimens seems to be
enough for such purpose (Table 8).

The methods that require data censoring or
data corrections for stable crack growth or large scale
plasticity, presented unacceptable LB values. This does
not mean that they are incorrect, but the aim in this paper
was to perform an analysis on each method for raw data
without any kind of corrections. Another future step in
our project will be to consider the above mentioned
corrections, in order to figure out ifit is more simple and
convenient a methodology that analyzes many
experimental data without corrections, or one that
requires a lower number of experimental data but using
a more complicate testing technique or even more
complex statistical analysis.

V. CONCLUSIONS

1. A great scatter in the calculated LB values was
generally obtained when a small number of specimens
was considered. This scatter diminished when “n” was
increased.

2. The number of specimens necessary to have acceptable
LB wasindeed a lot higher than the usual number of tests

that are performed for material characterization (at least
six specimens for most of the analyzed methods). This
number depends both on the method used for such
determination and on the data set itself.

3. The SPRODZON method seems to be the best one for
a technological LB estimation.

4. Landes et al. proposal does not seem to be good
enough, because, depending of the toughness value used
for the LB calculation, it can vary from very conservative
to non conservative.

5. The method that presented the worst results was the
one that estimated the LB as a 3% failure probability
using the fixed-parameter Weibull distribution.
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