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K Bompocy cpaBuenus meronoB Unified Curve u Master Curve u ux npuMeHe-
HHUSl K ONpeJeJeHHI0 KOHCTPYKIMOHHOI MPOYHOCTH KOPIYCOB PeaKkTOPOB

B. 3. Maproausn, B. H. ®omenko, A. I'. I'yaenko, B. U. Koctblies, B. A. IlIBenoBa
HHUU KM “IIpomereit”, Canxt-IletepOypr, Poccus

Ipoananuzuposanvr 0sa unsicenepuvix memooa — Master Curve u Unified Curve npumenumensro K
oyeHKe COnpOMUBNEHUs. XPYNKOMY PA3pyueHuio KOpnycos peakmopos. [lns cpasnenus smux Mmemo-
006 npu 0bpabomke 6a3bl OAHHBIX NO BA3KOCMU pazpyulerus 011 44 cmaneil u ux weos ¢ pa3IuuHou
CMEeNnenvl0 OXPYNUUSaHus OblI0 UCNOAL308AHO MPU PA3HBIX CMAMUCMu4eckux napamempa. Ycma-
Hoeneno, umo memod Unified Curve umeem npeumywecmsa nepeod memooom Master Curve. Ilpo-
AHATUZUPOBAHBL BO3MOJICHBIE NPUUUHBL KadCywe2ocs npeumywecmsa memoda Master Curve, a
maxace cHopmyauUposansvl u 0OOCHOBANbL Mpedoanus Ol 00HEKMUEHO20 CPABHEHUS MemO0008.
O6006weHe SKCNEPUMEHMATLHBIX OAHHBIX NO MEeMNEPAMYPHOU 3ABUCUMOCTIU TMEPMOAKMUBUPOBAH-
HOU yacmu npedena mexkyuecmu u mooenu Prometey (modenu xpynkozo paspyutenus, 0CHOBAHHOU HA
JIOKALHOM N00X00e) N03601UN0 00bACHUMY, novemy 3asucumocms K ;- (T') ona paznuuneix cmaneil,
npu HebOILWION CMenenu OXPYNUUBAHUSA, MOdcem Oblmb AnnpOKCUMUPOBAHA IKCNOHEHYUATbHOU
@ynxyueti, 6 vacmmocmu 3asucumocmoio Master Curve. [lonyuena xoppensyus medicoy memnepa-
MYPHOU 3A8UCUMOCTNBIO  MEPMOAKMUBUPOBAHHOU YACMU npedeid MeKy4ecmu U 3a8UCUMOCHIbIO
Master Curve.

Kniouesvie cnosa: KOHCTPYKIMOHHAS TPOYHOCTh KOPITyca PEaKTOPa, TPEIIMHOCTOUKOCTS,
Master Curve, Unified Curve, mogens Prometey.

Introduction. At present, there are two engineering methods, namely, the Master
Curve [1, 2] and the Unified Curve [3], that allow the construction of K ;- (T") curve for
different structural steels. Both methods use the Weibull statistics to describe the scatter in
K jc results and the effect of specimen thickness on K ;- (T") curve. To describe the
K ;o (T') curves for embrittled material the Master Curve (MC) uses the lateral temperature
shift concept, i.e., assumption about an invariance of the shape of the K ;- (7') curve for
different conditions of a material. The Unified Curve (UC) provides a prediction of the
K ;o (T') curve allowing for the possibility of shift of K ;- (I") curve to higher temperature
range and a variation in the K ;- (') curve shape. By other words, the UC, as distinct from
the MC, takes into account the transformation of the shape of the K ;- (7)) curve as a
function of the degree of embrittlement of a material.

Quantitative comparison of the MC and UC was performed for the first time in [3]
and at a later date in [4] as applied for various ferritic steels with various degrees of
embrittlement. For quantitative assessment the statistical parameters 0 and ¢ have been
used that are defined as follows.

© B.Z. MARGOLIN, V. N. FOMENKO, A. G. GULENKO, V. 1. KOSTYLEV, V. A. SHVETSOVA, 2016
44 ISSN 0556-171X. IIpobaemvl npounocmu, 2016, Ne 2



On Issue of Comparison of the Unified Curve and Master Curve Methods ...

The parameter 0 is the root-mean-square deviation calculated by equation [3, 4]

M
1 pr exp 2
0= HE(KJC(med)j_KJC(med)j) , (D
j=1

where M is the number of temperatures at which tests were carried out, K %(med) ; isthe
predicted median value of K ;- calculated by the MC or UC at test temperature 7', and
K ¢ meay; 1S the median value of K ;- determined by treatment of experimental data at
I'=T; with the maximum likelihood method according to [1].

According to [1] Kjép(med) is calculated with formulae

Kjép(med) = Kmin +(K0 - Kmin )[ln(z)]l/4 P (2)
N 1/4
Ko{E(K%’?—Km )44 +K min » 3)
i=l1

where N is the number of specimens tested at 7=T7;, r is the number of valid specimens
tested at =7, K is minimum value of fracture toughness that is taken according to

[1, 2] as K, = 20 MPavm, and K 5% is experimental K - value for ith specimen.

min

The parameter o is calculated as [4]

N
1 g 2
UZJNE(Kjé(mean)i_sz{;) ’ (4)
i=1

where N is the total number of tested specimens, K 57 is experimental K ;- value for ith
specimen, and K f&mmn )i 1is the predicted mathematical expectation of K ;- calculated

by the MC or UC at test temperature for ith specimen. Using the Weibull function for the
K ¢ distribution the K (.., value may be calculated by formula [5]

pr K;C’;(med)i - Kmin
KJC(mean)i = (ln 2)]/4 r (1+)+Kmin > (5)

where I' is gamma function.
Thus, the parameters ¢ and ¢ may be used for quantitative comparison of the
experimental and predicted K ;- (T) curves. The parameter 0 may be used when the

number of specimens tested at temperature 7'; is many enough so that K jép(m edyj May be

reliably determined for each test temperature. If the number of tested specimens is less than
necessary then the parameter o should be used. It is necessary to note that the parameter o
differs from the parameter o. If the prediction coincides with experiment completely then
0= 0 but o# 0. Nevertheless both the parameter 0 and o reduce when the predicted
results are approaching to the experimental data.
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For quantitative comparison of the MC and UC the ratios 0 y;c /0y and 0 0 /0Oye
may be used as the comparison tests. If 0, /0yc >1 or 0 40 /0yc >1 then the UC
describes the experimental data more adequately than the MC. If 0, /0yc <1 or
0 yc/0yc <1 then the MC describes the experimental data more adequately than the UC.

Quantitative comparison of the MC and UC on the basis of the statistical parameters 0
and o has been performed in [3, 4] for various ferritic steels with various degrees of
embrittlement. The results of comparison are represented in Fig. 1.

6 6
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Fig. 1. Comparison of the MC and UC with the parameters 0 and o: the ratios 0 ;- /0y (a) and
0 e /oyc (b) vs the reference temperature 7;, [4].

It is seen from Fig. 1 that for low values of 7|, (materials in the initial (as-received)
condition and with small degrees of embrittlement) the K ;- (T') curves predicted with the
UC and MC are very close, and one method has not preference to another. When the value
T, increases the description of K ;-(T) by the UC becomes more adequate than the
description by the MC as the UC takes into account a variation of the K ;- (T") curve
shape.

One more statistical parameter was used recently in [6] for quantitative comparison of
the MC and UC. This is the parameter L that follows from the maximum likelihood
method. (The parameters 7, and €2 in the MC and UC are calibrated with the maximum
likelihood method.)

The parameter L is calculated by formula [6]

4
30;
_ o 4(K52‘1;_Kmin) ' Kjg_Kmin
_H exp|—{———— 1 |, (6)

20, .
(K =K i )™ K =K i

i=1

where ¢; =1 for valid data and 6, =0 for censored data, K{" — K ;i = (K%(med) -
—K in )[1n(2)]_1/4 with K %(m od) calculated with the MC or UC. (The other parameters

are as above.)

When using the maximum likelihood method the most adequate K ;- (I') curve
corresponds to the maximum value of the parameter L. It means that the parameter L may
be used for quantitative comparison of the experimental and predicted K ;- (T') curves. The
parameter L calculated by Eq. (6) is designated for the MC as LM€ and for the UC as 1VC
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For quantitative comparison of the MC and UC it is necessary to compare IMC and
1Y€ if 1Y€ > LMC then the UC describes the experimental data more adequately than the
MC. If 1Y€ < IMC then the MC describes the experimental data better than the UC.

In [6] the difference In Me / r—In 1Y€ / r is used as the comparison tests of the MC
and UC. For short let’s designate this difference as

In M€ 1n 1Y€
- . (7

r r

zZ

So, if Z< 0 then the UC describes the experimental data more adequately than the MC. If
Z >0 then the MC describes the experimental data better than the UC.

The results of comparison the MC and UC with the parameter L obtained in [6] are
represented in Fig. 2. On the basis of these results the conclusion has been drawn in [6] that
the MC describes the considered experimental data better than the UC. The considered data
base consists of 50 sets and includes, in part, those considered in [3, 4].
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Fig. 2. Comparison of the MC and UC with the parameters L for the data sets from CT and SE(B)
specimens according to [6].

Thus, it would be concluded that application of various statistical parameters for
quantitative comparison of the MC and UC results in quite different and contradictory
conclusions as in [3, 4] and in [6].

Additionally, Wallin [6] has declared that the parameter L or In L/r provides more
objective comparison as compared with the parameters ¢ and o.

Thus, the main purposes of the present paper are (i) to compare the UC and MC with
three statistical parameters L, 0, and ¢, and (ii) to reveal possible reasons of contradictory
conclusions in [3, 4] and in [6]. The paper considers also some important issues for
justification of the Unified Curve and Master Curve methods.

1. The Main Considerations of the Master Curve and Unified Curve Methods.
The main considerations of the Master Curve and Unified Curve methods are as follows.

1. The temperature dependence of fracture toughness at the fracture probability
P, = 0.5 for specimens with thickness B =25 mm for any degree of embrittlement is
described by the following equations.
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According to the Master Curve [1]

helf
K cimeay D)= K& +Bexp(y(T—T;)),  MPavm, ®)

where 7| is the reference temperature in °C for which K ¢ (eq) (T )= 100 MPavm, T is

temperature in °C, the numerical coefficients K ;}éelf, B, and y are fixed and taken as

K32 = 30 MPavm, =70 MPavm, and y = 0.019.

According to the Unified Curve [3]

helf
1<JC(mea/)(T)= Kjgf +Q

T—130
1+ tanh( 105 )) , MPa\/a, )

shelf __

where K- 26 MPa\/E, Q is a constant for a given condition of a material, and 7 is

temperature in °C.
2. The brittle fracture probability P, for a cracked specimen with reference thickness
B =25 mm is described by the Weibull distribution function [1, 7]

4
Ky = K min
P, =l-exp|—|-2C—mn | |,
4 eXp{ (KO—K ; (10)

min

where P, is the fracture probability of a cracked specimen arbitrarily taken from the
considered set at K; <K ;- (K, is the stress intensity factor), K, is a scale parameter
depending on the test temperature and specimen thickness, and K, =20 MPav/m in

accordance with [1, 2, 8].
3. The effect of specimen thickness on fracture toughness for a fixed fracture
probability is described by equation [1, §]

1/4
KX —-K_. B
JC min =( Y) , (11)

Y
Kje =K pmn  \Bx

where K 5 and K- are fracture toughness values for specimens with thicknesses B y

and By at the same fracture probability.

4. To obtain K ;- (T') curve for the embrittled materials the MC assumes that the only
parameter, 7|, varies, and the UC assumes that the parameter € varies only. When degree
of material embrittlement increases the 7j, value increases, and the Q value decreases.
Other numerical parameters in Egs. (8) and (9) are fixed.

The parameter 7}, in the MC and the parameter € in the UC are calibrated by the
maximum likelihood method on the basis of test results at one temperature (single
temperature method) or at several temperatures (multi-temperature method). Requirements
for the number and size of fracture toughness specimens are the same for both methods.

It is appropriate to give here some comments for the above considerations.

Equations (10) and (11) follow from the pioneer paper of the Beremin group [9]. It
should be noted that a relation P, ~K *in Eq. (10) with the exponent value being equal

to 4 does not depend on a local fracture criterion used, and the only condition (in addition
to the Weibull statistics and the weakest link theory) is required to deduce this relation,
namely, the condition of self-similarity (homothety) of stress-and-strain fields in plastic
zone near a crack tip [9, 10]. (This issue is considered in detail in Section 3.)
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The numerical coefficients 3, y,and K %df in the MC [see Eq. (8)] were found from

a best fit to experimental data sets for ferritic steels [2].

The numerical coefficients in the UC [see Eq. (9)] were found from a best fit to the
K ;o (T') curves calculated with the probabilistic model (known as the Prometey model)
with the model parameters being typical for RPV steels in various conditions [3].

As it follows from consideration 4 the transformation of K ;- (T") curve predicted
with the MC and UC for the irradiated (embrittled) materials occurs in different manners.
When degree of material embrittlement increases a lateral shift of the K ;- (T') curve
occurs according to the MC to an elevated temperature range. It means that the shape of the
K ;o (T) curve is the same for different conditions of a material. This transformation is
illustrated by Fig. 3a.

K 4 Kic 1

Fig. 3. Transformation of K- (T") curve for the irradiated materials according to the MC (a) and
UC (b).

According to the UC for the irradiated (embrittled) materials a vertical evolvent of the

K ;o (T') curve occurs by such way that the value [K ;- (T)— K j}éelf] decreases by the same

factor Q" / Q" (here Q™ and Q" are the values of Q for initial and irradiated

materials, respectively) for any temperature from the brittle fracture temperature range.
This transformation is shown in Fig. 3b and clearly seen from Eq. (9) rewritten in the form

K e (- K3 =0f(T), (12)

where

T—130
(T)= (1+tanh( o ))

Thus, the standard Master Curve assumes that the shape of the K ;- (T') curve is the
same for different conditions of a material. The Unified Curve approximates the K ;- (7")
curve allowing for a possibility of a variation in the shape.

2. Quantitative Comparison of the MC and UC with Various Statistical
Parameters. Comparison of the experimental fracture toughness data and K ;- (T') curves

predicted with the MC and UC has resulted in quite different and contradictory conclusions
in [3, 4] and in [6]. One from possible reasons may consist in the using of different
statistical parameters for comparison. In [3, 4] the parameters ¢ and ¢ were used as
calculated by Eqgs. (1) and (4), and in [6] the comparison was based on Eq. (7) with the L
parameter.
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To consider this reason we apply all three parameters for the fracture toughness data
sets used in [3, 4].

The results of application of the parameters J, o,and L are represented in Table 1 for
the data sets used previously in [3, 4]. The results of comparison of the MC and UC with
the L parameter are shown in Fig. 4. It may be seen from Fig. 4 that the UC has advantage
as compared with the MC for the considered data sets. This conclusion is in agreement with
the conclusion based on application of the parameters 0 and o (see Fig. 1).

Table 1
The Results of Treatment of the Data Base Used in [3, 4]
with Three Statistical Parameters (L, 6, and 0)
No. Material oy at Ty, Q, z Oyc | Tmc | Reference
T=20C,| °C |MPa/m duc | oue
MPa
1 2 3 4 5 6 7 8 9
1 A533B steel (in) 567 —148.0 | 7397 | 0.02 | 0.91 1.06 [11]
2 A508 steel (in) 650 —140.0 | 6441 |—-0.04| 091 | 094 [11]
3 HY130L (in) 955 —131.0 | 5405 |-0.01] 0.92 | 0.98 [11]
4 ABS DS (in) 270 =913 | 2615 |—-0.01] 1.02 1.02 [11]
5 A470 steel (in) - —86.5 | 2384 | 0.01 | 095 | 0098 [12]
6 2CrNiMoV steel (in) 565 —-82.5 | 2196 |-0.07| 1.16 | 1.13 [13]
7 NVA (in) 218 =72.1 1783 |—=0.01| 1.05 | 0.99 [11]
8 3CrNiMoV steel (in) 550 —67.4 1695 | 0.05 | 097 | 0.94 [14]
9 WEF-70 weld (in) 740 —63.5 1521 0.01 | 1.01 | 0.99 [15]
10 | HSST weld 73W (in) 513 -61.3 1472 | —=0.01| 0.95 1.00 [16]
11 | HSST weld 72W (in) 496 —60.4 1455 |-0.02| 097 | 1.00 [16]
12 A533 steel JRQ (in) 480 —59.7 1433 |—=0.01| 1.06 | 1.06 [17]
13 WEF-70 weld (in) 790 —55.8 1330 0 096 | 0.99 [15]
14 | A508 steel (TSE-5&6) 605 =522 1242 |—-0.13| 1.19 | 1.20 [18]
15 KWO RPV - —49.2 1205 | 0.04 | 093 | 0.95 [19]
16 A508 steel - —48.0 1175 | 0.02 | 094 | 0.98 [12]
17 A508 steel (TSE-7) 450 —32.7 880 |—0.10| 1.22 | 1.17 [18]
18 A533 steel - —28.5 786 |—0.01] 1.11 1.01 [12]
19 | A508 steel (TSE-5&6) 710 —20.1 723 |=0.02] 140 | 1.02 [18]
20 NiCrMoV steel 925 -113 685 |—=0.08] 2.09 | 2.20 [11]
21 E36 303 21.2 357 004 | 1.22 | 0.82 [11]
22 WEF-70 weld (irr) 930 24.9 345 0.03 | 1.11 1.05 [15]
23 | HSST weld 72W (irr) 620 29.3 333 |-0.07] 2.23 1.06 [16]
24 | HSST weld 73W (irr) 648 37.2 291 |—=0.04| 097 | 1.03 [16]
25 A533B steel - 39.9 259 |=0.20] 1.38 | 1.27 [20]
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Continued Table 1

1 2 3 4 5 6 7 8 9

26 | 2.5CrMoV steel (embr) 730 45.6 241 0 1.28 | 1.12 [3]
27 WEF-70 weld (irr) 860 49.0 211 |-0.08] 1.28 1.10 [15]
28 | 2CrNiMoV steel (embr) 900 57.1 199 | —0.65| 4.72 | 2.50 [21]
29 NP2 676 69.0 161 |—=0.23| 231 2.26 [11]
30 | A533 steel JRQ (irr) 630 86.9 142 |—-0.01| 1.34 | 0.92 [17]
31 Weld KSO01 (irr) 820 137 73.4 |—0.38| 5.05 | 2.28 [22]
32 | 2.5CrMoV steel PTS-1 1037 164 659 |—0.18| 14.87 | 4.37 [23]

(embr)

33 Weld KSO01 (irr) 950 251 21.5 |=0.22] 3.28 | 230 [18]
34 3CrNiMo steel (irr) 931 130.6 79 —0.62| 234 | 192 [4]
35 A508 steel (embr) - 66 164 |—0.16| 3.54 | 3.03 [24]

Note. Here and in Table 2: in the bracket the condition of a material is designated as follows: in —
received (initial) condition, embr — thermally embrittled condition, irr — irradiated condition.

08
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-200 -100 0 100 200 300
T,,°C

Fig. 4. Comparison of the MC and UC with the parameters Z calculated with Eq. (7) for the data sets
described in Table 1.

Thus, it may be concluded that all three statistical parameters provide the same results,
at least, for the considered data sets. It means that the reason of the contradictory
conclusions in [3, 4] and in [6] cannot be connected with one or another statistical
parameter used for comparison.

It should be noted that in [6] two data sets — 28 and 34 sets from Table 1 were also
treated with the L parameter. These sets were obtained by the authors of the present paper
and published in [21] (set 28) and in [4] (set 34).

However there are significant disagreement between the numerical values of the
parameter Z [see Eq. (7)] for sets 28 and 34 as given in [6] and in Table 1. For set 28
according to [6] Z=—0.03 and according to Table 1 Z=—0.65. For set 34 according to
[6] Z=—0.08 and according to Table 1 Z=—0.62. These different values of Z result in
quite different conclusions in [6] and here. The calculation results in Table 1 show that the
UC has advantage as compared with the MC for these data sets. According to [6] the UC
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and MC methods give practically the same predictions. We could not find out the reason of
such disagreement in numerical values of the parameter Z. It may be supposed only that
for analysis in [6] these data sets were additionally somehow treated, and at the same time
the values of Z for sets 28 and 34 given in Table 1 were calculated allowing for all
experimental points.

One more possible reason of contradictory conclusions in [3, 4] and in [6] may consist
in the using of different K ;- data sets. In [6] 50 large data sets were considered that
include experimental K ;- values for compact tension (CT) specimens and for single-edge
bending (SEB) specimens, in particular, for pre-cracked Charpy (PCC) specimens.

To expand the data base, in addition to 35 large data sets in [3, 4] (see Table 1), we
analyze here some more data sets from ones in [6]. These additional data sets have been
taken on the following requirements.

1. First of all, these data have to be obtained by CT specimens testing, i.e., fracture
toughness data for PCC (SE(B)-10 mm) specimens should not be used.

This requirement is explained by the known particularities of fracture toughness data
for PCC specimens. It is known [25-27] that K ;- values obtained by testing PCC
specimens have larger scatter than CT specimens and large number of incorrect values,
moreover the test temperature range when K ;- values are correct is significantly narrow
than for CT specimens with thickness B =12.5 mm.

As a rule, K ;- values from PCC specimens are larger than K ;- values from CT
specimens that expresses in a difference of 7j, values for these specimens [27]. When
temperature increases a difference in K ;- values for PCC and CT specimens increases
[25, 26]. As a result, the K ;- (T') curve for PCC specimens is steeper than the curve for
CT specimens.

Detailed study of the particularities of fracture toughness data for PCC and CT
specimens was performed in [25, 26]. The ratio Jpcc/Jor_os as a function of the
parameter M = boy /J poc Was obtained in [26] and shown in Fig. 5. Here Jpc- and
Jeor_os are J-integral values for PCC and CT-0.5 specimens, respectively, oy is the yield
stress, and b is the reminding ligament.

It is seen from Fig. 5 that when the parameter M decreases, i.e., the value Jp-c
increases the ratio Jpec/Jor_gs increases. Applying these data for the Jpq- (7) and
Jer—o5(T) curves and taking into account that the Jp-~ values increase with temperature
increasing the conclusion may be drawn that the Jpq-(T') curve is steeper than the
Jer—os5(T) curve.

35 —
<&
O T=-154°C
30} N A T=110C |
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- < © T=-60°C
3251 8 # % T=-40°C |
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*
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Fig. 5. The ratio Jpoc/Jep—gs Vs the parameter M according to [26].
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On the basis of the performed studies the authors of paper [25] concluded: “The
differences in fracture toughness between standardized CT specimens and pre-cracked
Charpy specimens can not be verified in the conventional way by using statistical weakest
link size effect predictions and specimen size criteria as proposed in test standards.”

One more example of steeper K ;- (T') curve for PCC specimens as compared with
the K ;- (T') curve for CT-2T specimens is shown in Fig. 6. K ;- (T') curves here have
been constructed for 2CrNiMoV steel (set 6 in Table 1) by the following way. Firstly, the
values of K jc(,eq); have been determined for each test temperature. Then the obtained
K jc(meay; Vvalues have been approximated by a function K ;- =a+bexp(cT). The
difference in the shapes for the obtained curves is seen in Fig. 6.

300 —

& -CT-2T o
-~ A-PCC PCC <&

0
-200 -160 -120 -80 -40 0

Fig. 6. The K- (T') curves obtained by treatment of the fracture toughness data for CT-2T and PCC
specimens with equation K ;- =a+ bexp(cT) for 2CrNiMoV steel in initial condition: the test
results for CT-2T specimens [13] correspond to set 6 in Table 1 and the test results for PCC were
used previously in [28, 29]. (All the data have been recalculated for 25 mm.)

The above reasons show that it is not reasonable to use K ;- values from PCC
specimens for objective comparison of the MC and UC methods as the main difference
between these methods consists exactly in the description of the K ;- (7)) curve shape. As
the steepness of K ;- (T') curves obtained from the test results of PCC specimens is
overestimated as compared with KJC(T) curves from CT specimens the MC will describe
K ;o values for PCC specimens better than the UC. This is clear seen from Fig. 2 where the
comparison results for PCC and CT specimens are shown as represented in [6].

2. The second requirement is that the number of incorrect results in data set should be
sufficiently small.

This requirement is connected with the following reasons.

Incorrect experimental results damage the standard distribution on K ;- both for case
of censoring of incorrect experimental data and for case when incorrect experimental data
are considered as correct ones. If incorrect experimental data (due to exceeding of K ;-
capacity, K jc(my [1]) are considered as correct ones then the scatter of K - increases as
compared with the scatter for standard K ;- distribution, and K is overestimated. If
incorrect experimental data are censored then K, may be both underestimated and
overestimated.

For most cases of incorrect results J-integral does not control the stress-and-strain
fields near a crack tip. It is clear if we want to determine which K ;- (7) curve —
predicted with the MC or with the UC curve is closer to real K ;- (I") curve we should use
such K ;- values for that J-integral controls stress-and-strain fields near the crack tip, i.e.,

K jo <K jc(limy-
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Therefore, the database containing, for the most part, correct experimental data should
be taken for objective comparison of the MC and UC methods.

Some data sets used in [6] contain large number of incorrect experimental data that
results in the necessity to use the censoring procedure. For example, the data used in [6]
and represented in [30] contain more than 30% incorrect results, and this number increases
with temperature increase.

3. The third requirement is that the experimental K ;- values for a chosen set should
be obtained over wide range of test temperatures.

This requirement is quite clear as it is well known that when K ;- values are obtained
over narrow temperature range they may be fitted by any function practically with small
error.

Thus, in addition to 35 data sets in Table 1 we succeed in finding and in analyzing
here 9 data sets from ones in [6] that satisfy the above requirements. These additional data
sets and the results of their treatment with the MC and UC are represented in Table 2. (The
data sets from Table 1 are also included once more in Table 2 as they are needed for further
analysis.)

It should be mentioned that unfortunately, a series of the data sets considered in [6]
could not be analyzed and estimations made in [6] could not be commented. For example,
in [34] two data sets were represented with approximately 400 test results in each sets, and
in [6] only 18 correct results were selected from these data sets. It is difficult to determine
which results were taken and what requirement for selection was used in [6].

We tried to include in Table 2 the most interesting sets (from viewpoint of the MC and
UC comparison). These sets are sets with the maximum difference between the values
In LM€ / r and In 1Y€ / r for benefit of the MC according to [6].

The maximum value of the parameter Z calculated by Eq. (7) is equal to 0.91 [6] for
the data set for A470 steel represented in [31]. For this set the parameter 7}, is equal to
86°C as calculated in [6].

Unfortunately, we could not analyze this data set as we failed to find it. Begley and
Toolin [31] represent two K ;- data sets for two materials denoted as FD 1196 and HD
9980 of one steel grade (NiCrMoV). These data sets were obtained by testing CT
specimens with thicknesses from 50 to 200 mm. These sets are included in Table 2 as sets
36 and 37.

The calculations performed provide for FD 1196 material (set 36 in Table 2)
Ty =-12.7°C and Z= 0.2, and for HD 9980 (set 37 in Table 2) 7, =—7°C and Z= 0.32.
It is seen that these estimations significantly differ from those in [6]. Probably, the wrong
reference ([31]) was given in [6] for A470 steel.

Nevertheless, the data sets for FD 1196 and HD 9980 materials taken from [31]
appear to be very useful. These data (sets 36 and 37 in Table 2) allow us to reveal very
important issue when determining the K ;~(7') curve shape.

The obtained values of the parameter Z (see Table 2) show some preference for the
MC for FD 1196 and HD 9980 materials. The question arises whether it is connected with
the K ;- (T) curve shape or with another reason.

The analysis of the data sets for FD 1196 and HD 9980 materials and the results of
their treatment with the MC and UC have shown that the difference between In LM€ / r and
In 1€ /r is caused mainly by the difference in the low shelf, K 5//, values. The fact of the
matter is that when calculating the parameter L the K ;- values obtained near the low
shelf of K ;. (T) curve have very large weight as compared with the K ;- values at higher
temperatures. At the same time it is clear that the low shelf value does not practically affect
the K ;- (T') curve shape.
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As seen from Egs. (8) and (9), for the UC K Shdf =26 MPavm and for the MC
K Shejf = 30 MPa+/m. The difference in K JC! that is equal to 4 MPay/m may result in the
dlfference between In LM¢ / r and In 1€ / r. For HD 9980 material one K ;- value near

the low shelf is equal to 48 MPay/m [31] for CT specimen with the thickness of 50 mm that
is clearly overestimated.
This overestimated K ;- value results in the revealed preference for the MC as

compared with the UC. If the K Shelf value is taken the same for the MC and UC, for

example, K Shelf = 30 MPav/m then we obtain for FD 1196 material Z= —0.14, and for HD

9980 Z= —0.5 (see Table 2). It means than the UC better describes the K ;- (T') curve
shape than the MC.

This example has shown that when using the maximum likelihood method (the
parameter L) a seeming advantage of one method over another may be caused by a

difference in the K i/
predicted K ;- (T') curves. This is a result of a large contribution of K ;- values near the
low shelf in the parameter L and a weak influence of these values on the K ;- (7') curve
shape.

Thus, as a common case, the comparison of the MC and UC methods with the test
results is advisable to make for the same K i/ level,

values but not a difference in the shape for the experimental and

The results of treatment of all the data sets with three parameters L, J, and o are
represented in Table 2 and in Figs. 7-9. Table 2 includes the sets 1-35 used earlier in [3, 4]
and additional sets 3644 taken from the references given in [6].

08 08—
04 MC advantage PS 04 |- MC advantage
®
- . - .
Py e}
N 0 —%9—%@@—&—07 N 0 _@_@9_%_:7
O o]
o° ° %
L o % o) o 5 00%
-0.4 - UC advantage (¢] _04 | UC advantage [e]
® ©
X o B ° °
(e} ° o (o]
0.8 ) | 1 | I | I | ! | 08 1 | 1 | 1 | I ] 1 )
-200 -100 0 100 200 300 -200 -100 0 100 200 300
T,,°C Ty,'C
a b

Fig. 7. Comparison of the MC and UC with the parameters Z calculated with Eq. (7) for the data sets
described in Table 2. [Here and in Figs. 8 and 9: open symbols — sets 1-35, closed symbols — sets

36-44: (a) calculations for different K hell Values: K; Shdf =26 MPavm for the UC and K. shelf =
= 30 MPa+/m for the MC; (b) calculations for the same K~ Shelf value taken as K ghelf =30 MPa«/a.

Treatment was performed for two variants. The first variant is the comparison for
different K “df values: K Shelf = 26 MPa+/m for the UC and K; Shelf = 30 MPa+/m for the

MC. For the second variant the same K, Shezf value was taken as K Shezf = 30 MPavm.

The results represented in Table 2 and in Figs. 7-9 allow one to reveal the following
findings.
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Fig. 8. Comparison of the MC and UC with the parameters o calculated with Eq. (1) for the data sets
described in Table 2.
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Fig. 9. Comparison of the MC and UC with the parameter ¢ calculated with Eq. (4) for the data sets
described in Table 2.

1. All three parameters L, d,and ¢ provide similar results when comparing the MC
and UC.

2. Conclusion made in [3, 4] on the basis of 35 data sets is confirmed for the extended
data sets including 9 sets from [6]. This conclusion is that for materials in the initial
(as-received) condition and with small degrees of embrittlement (when the 7, value is
low) the curves predicted with both methods coincide practically, and when the degree of
embrittlement increases (i.e., 7, increases), the description of K ;- (7') with the Unified
Curve becomes more adequate than with the MC as the UC takes into account change in
the K ;- (T) curve shape.

3. When using the maximum likelihood method, i.e., the parameter L,the comparison
of the MC and UC methods with the test results is advisable to make for the same K, Shdf

level. For this case as it is seen from Fig. 7b the above conclusion becomes even more
evident.
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3. Discussion. The performed comparison has shown once more that the experimental
K ;o (T') curves for ferritic steels may be adequately described both with the MC and UC
methods when degree of embrittlement is not high, i.e., the 7, value is low. When the
degree of embrittlement increases (i.e., I;, increases), the description of K ;- (7") with the
Unified Curve becomes more adequate than with the MC as the experimental K ;- (T)
curves change their shape.

Additionally, it is of interest to note that both methods allow the description of
K ;o (T') curves for various ferritic steel for which the yield stress oy varies over wide
range, from oy =200 MPa to oy = 1100 MPa.

So, several principal questions arise here as follows:

(1) why the K ;- (T') dependences for quite different ferritic steels may be described
by the same function taken as the MC or UC;

(i1) why the K ;- (T') curves obey the lateral temperature shift condition when degree
of embrittlement is not high;

(iii) why the K ;- (T) curves change their shape when degree of embrittlement
increases significantly.

In the present section an attempt is undertaken to answer these questions and to find
some physical background for the above properties.

These issues may be considered on the basis of local brittle fracture criteria. The
analysis hereafter is based on local criterion of cleavage fracture formulated and verified in
[35—40]. This criterion allows not only the prediction of the K ;- (') curves for RPV
materials [13, 14, 21, 38, 39] but also the analysis of other brittle fracture properties for
RPV steels such as the WPS effect [41], the plastic tearing effect [42], the biaxial loading
effect [43].

This local criterion is written in the form

Opue EO|+mMp0 20, (13a)
01 =S¢ (K), (13b)

where o is the maximum principal stress, o, is the effective stress, 0,4 =0, =0y,
0., is the equivalent stress, oy is the yield stress, 0, is the critical stress for microcrack
nucleation, my, is the concentration coefficient for the local stress near the microcrack-
nucleating particles, S is the critical brittle fracture stress, which is generally assumed to
be independent of temperature, strain rate, and stress triaxiality, k is the accumulated

plastic strain, «= f defq, and dsé’q is the equivalent plastic strain increment. The

coefficient my, depends on temperature 7' and plastic strain.

From the physical viewpoint, the first condition is the condition for the nucleation of
cleavage microcracks, and the second one — the condition of their propagation. The
parameter o, is the strength of carbides or carbide-matrix interfaces or other particles on
which cleavage microcracks are nucleated. This parameter depends on degree of material
embrittlement and does not depend on temperature, strain rate and stress triaxiality. The
parameter o, has been linked with neutron fluence on the basis of the developed models
of the influence of the radiation defects on cleavage microcrack nucleation [44]. The
parameter S is interpreted as the stress required for Griffith’s crack start and propagation
through various barriers (grain boundaries, microstresses, slip bands, boundaries of
dislocation substructure).

The functions S («x) and myp (T, k) are calculated as [35-40]

Sc(k)=[Cy +Cyexp(—Ag6)]~ "2, (14)
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mre (T, k)= mg (T')m, (), (15)
m, (k)= S80/Sc (k), (16)
my (T)= myo y,(T), (17)

where C;, C,, and A4, are material constants, S, =S (k= 0) is the stress of start for
the nucleus microcrack, my is a constant which may be experimentally determined, and
Oy, 1s the temperature-dependent component of the yield stress.

The dependence oy (T') should be given by equation [45]

oy (T)=0yg +0oy(T), (18)

where oy; is the temperature-independent (athermal) component of the yield stress.

According to criterion (13) the brittle fracture on a macro-scale may be controlled by
both microcrack nucleation (13a) and microcrack propagation conditions (13b) that depends
on material properties and loading conditions, mainly, on stress triaxiality and temperature
[44].

Prediction of brittle fracture on a macroscale on the basis of criterion (13) may be
performed in a deterministic manner [35, 36] and in a stochastic manner with the Prometey
model [21, 38, 40]. The Prometey model uses the Weibull statistics for stochastic
parameters o, and S, and the weakest link model to predict the brittle fracture on a
macroscale. The Prometey model was verified by application to RPV steels in various
conditions (initial, irradiated, and highly embrittled) [21, 38]. It has been shown [44] that
the Prometey model provides not only a prediction of the K ;- (T") curve allowing for
possible variation in the K ;- (T') curve shape but also a prediction of lateral shift of
K ;o (T') curves. The Unified Curve method was proposed just on the basis of the Prometey
model [3]. The Unified Curve method as well as the Prometey model predicts a possible
variation in K ;- (7)) curve shape under irradiation.

Criterion (13) and the Prometey model allow the explanation of the main properties of
the K ;- (T) curve and its transformation under irradiation. For explanation it should be
have in mind that the parameters o, and S, do not depend on temperature and the
parameter 0,4 = 0,, —0y is weakly sensitive to temperature as it characterizes the strain
hardening. Then it follows from Egs. (13)—(17) that the temperature dependence of fracture
toughness is mainly controlled by the temperature dependence of the yield stress, oy (T'),
more exactly, by the dependence oy, (7).

When degree of embrittlement increases the parameter o, decreases and for most cases
the parameter S does not vary*. According to the Prometey model the transformation of
K ;o (T') curve is caused by the following reasons: (i) decrease in o4, (ii) increase in oy,
and (iii) variation of the contributions of two terms in 0, = 0| +myg0 4 [see Eq. (13a)].
These contributions depend on temperature.

According to the Prometey model it is worthwhile to consider three temperature
ranges /, I1, and /I] as shown in Fig. 10. When the variation of K ;- from the lower up
to upper shelves occurs over low temperature range / (that corresponds to low 7
values) the second term in 0, = 0 +my 0 is significantly larger than the first term
(0 <<mp0 5 = myoy,0 .4 ) as the concentration coefficient my, of the effective stress
is very large due to large value of oy, (T"). For this case according to the Prometey model
the transformation of the K ;- (T") curve caused by decrease in o, and increase in oy
obeys the lateral temperature shift condition (see Fig. 10).

* Significant segregation of impurities on grain boundaries, for example, under temper embrittlement
of material with high content of phosphorus, may result in decreasing S..
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Fig. 10. Transformation of K ,-(T) curve for the irradiated materials according to the Prometey
model and criterion (13).

»
>

As temperature increases the first term in 0, becomes comparable with the second
term so that over temperature range // the contributions of both terms are significant.

Over temperature range /II the value of oy, (7") is small and, as a result, my (T') is
also small and the first term (o) in 0, prevails.

According to the Prometey model for temperature ranges II and Il the lateral
temperature shift condition is not valid and the shape of K ;- (7") curve varies as degree of
material embrittlement increases (see Fig. 10).

For all the temperature ranges (/, /1, and /II) the K ;- (T') curve shape is controlled by
the dependence oy, (T), however a link of the K ;- (T') curve shape and the dependence
oy, (T) is different for each temperature range.

The temperature dependence oy, (7') may be approximated by equation [38]

0y, (T)= bexp(—h(T+273)), (19)

where b and /4 are the material constants independent of temperature, and 7 is the
temperature in °C.

The test results show that different ferritic steels have practically the same dependence
Oy, (T') although they have different dependencies oy (7). Figure 11 demonstrates the
temperature dependencies oy, ()= 0y (T )— 0y, for various ferritic steels. The list of
materials represented in Fig. 11 is given in Table 3.
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Fig. 11. The temperature dependence of the thermal part oy, (T) of the yield stress for the materials
detailed in Table 3 (the numbers in figures correspond to those in Table 3): symbols are experimental

data for Russian WWER steels and its welds (a) and for A533 steels and its welds (b); curve is their
approximation with Eq. (20).
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Table 3
The List of Materials Represented in Fig. 11
No. Material Condition oy OyG>
at T =20°C, MPa
MPa
Original experimental data
1 1.5Mn-0.7Si steel (modified) initial 309 267
2 2.2Mn-0.7Si weld ditto 357 290
3 1.5Mn—0.7Si steel ditto 365 307
4 1.5Mn—0.7Si steel (modified) irradiated, 500 431
F=1-10" cm™?
5 Mn—2Ni-Mo-V steel initial 525 456
6 2Cr-Ni-Mo—V steel ditto 580 510
7 2Cr-Ni-Mo-V steel irradiated, 638 569
F=2510"cm™?
8 3Cr—Mo-V weld irradiated, 639 556
F=25-10"cm™?
9 2Cr-Ni-Mo-V steel thermal embrittled 900 846
Available experimental data [46—48]
10 AS533-B steel initial 461 379
11 JRQ steel ditto 467 415
12 | A533 gr.B cl.1 (HSST Plate 02) ditto 487 424
13 Weld 68 (HSST Plate 02) ditto - 494
14 Weld 69 (HSST Plate 02) ditto 638 569
15 A533-B steel irradiated, 668 565
F =(1.7-2.4)-10" cm™?

The experimental data obtained by the authors of the present study are shown in
Fig. 11a, and the results taken from [46—48] are represented in Fig. 11b. It is clearly seen
from Fig. 11 that all the experimental data are sufficiently well approximated by the same
curve. Only one exception may be observed in Fig. 11a. These data are the points located
over the temperature range of 250-350°C for 2CrNiMoV steel in thermal embrittled
condition. This result is explained by dynamic thermal aging processes under tensile
testing. Outside of the indicated temperature range the experimental values of oy,
correspond to the common curve.

Treatment of all experimental results on oy, (7) (excepting experimental data for
2CrNiMoV steel in thermal embrittled condition over the temperature range of 250-350°C)
by Eq. (19) gives: b= 993 MPa and h=874-107° °C~!. As a result, for the considered

ferritic steels
Oy, (T)=993exp(— 874-1073 (T+273)). (20)

According to the Prometey model over low temperature range the transformation of
K ;o (T') curve is described by the lateral temperature shift, by other words, the K ;- (T)
curve shape does not vary.
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Thus, over low temperature range (low values of 7)) the following properties have
been found: (i) the K ;- (7T') curve shape does not vary; (ii) the K ;- (I") curve shape is
controlled by the oy, (I') dependence; and (iii) the dependencies oy, (7) for different
ferritic steels may be approximated by the same function.

These properties explain why for low values of 7, the K ;- (T") curves for quite
different ferritic steels may be described by the same function. (It does not matter what
function — MC or UC is used.) For this case the very simple correlation may be found
between the function describing K ;- (T") [see Eq. (8)] and the function describing oy, (T')
[see Egs. (19) and (20)]

y = 2h. 21

According to the Prometey model the shape of K ;- (T") curve varies as degree of
material embrittlement increases (see Fig. 10). This result is mainly connected with an
increasing contribution of o; in o0, [see Eq. (13a)].

The effect of 0y on K ,;-(T') curve shape may be understood when considering
temperature range //I. For extremely embrittled materials when K ;- (T") curve located in
elevated temperature range /// (see Fig. 10) the value o; mainly contributes to o,
[Eq. (13a)] as 0} >mp0 5 = myo 0 o5 So/Sc-

The value o near the crack tip in possible brittle fracture zone is connected with the
yield stress oy by relation o; = goy, where the parameter ¢ characterizes the stress
triaxiality near the crack tip, ¢ =0, / 0 - Over elevated temperature range the yield stress
oy is practically constant therefore the K ;-(7') curve shape changes significantly and

. . . o
becomes sloping. Nevertheless, over this temperature range the ratio — dY)’]S
Oys

#0 in

spite of the fact that UL% - 0. Therefore according to condition (13a) K ;- (T) is an
Y
increasing function of temperature even when oy (I') = const, although this curve may be
very sloping.
It is appropriate to mention here that according to the widely used stress-controlled
local criterion of cleavage fracture it may be shown that K ;- (7')= const over elevated
temperature range. Stress-controlled criterion is traditionally written in the form [49-53]

O, =0y, (22a)
o, =8c. (22b)

In the terms of stress intensity factor, K ;, criterion (22) is written in a deterministic
manner as

when
o1, =Sec (24)
where 7, is a size of so-called process zone located in the plastic zone near the crack tip.

Thus, it follows from Egs. (23) and (24) with the account taken of o, = goy that the
temperature dependence of fracture toughness is mainly controlled by the temperature
dependence of the yield stress, oy (T"). As a result, over elevated temperature range /I/
according to criterion (22) K ;- (T')= const. [It should be mentioned that to avoid such
situation the brittle fracture models based on criterion (22) introduce a priori an increasing
temperature dependence for the parameter S~ (or the parameter ¢, in the terms of the
Beremin model).]
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Thus the physical processes of cleavage fracture reflected in local criterion (13) allow
one to answer the above questions. This analysis has shown that there is physical
background to describe K ;- (7)) curves by the same function for quite different ferritic
steels. It is the same dependence oy, (T") being practically the only temperature-dependent
parameter that reflects the thermo-activated nature of brittle fracture.

One more important properties of brittle fracture is not connected directly with local
criteria, i.e., with the physical processes, and should be mainly attributed to the basic
mechanical features of brittle fracture. This is the relation P, ~K 7 which is used both in

the MC and UC methods.
The relation P, ~Kj follows from the considerations.

1. Plastic deformation is a necessary condition for brittle fracture.

2. Stress and strain fields near the crack tip are self-similar (or by other words,
homothetic).

3. Brittle fracture obeys the weakest link concept.

The relation Pj ~K§ is valid for K; >>K and this fact does not depend on

min
the used local criterion of brittle fracture [9, 10]. As a common case, the parameter K ;,
may be introduced in P, (K ;) by various ways. Two simplest ways are as follows. The
first variant is

Pr~f(K;—Kpin)'  for  K;>K . (25)
The second variant is
Pr~f(Kj—Kmin) for  K;>Ky. (26)

For both variants it is taken that for K; <K . the brittle fracture probability

P,=0

! These two variants differ by the physical meaning. Equation (25) corresponds to
situation when for K ; > K .~ the whole plastic zone volume near the crack tip is taken as
the working volume**. Equation (26) corresponds to situation when the working volume
(for K; >K ;) is calculated as the difference of the whole plastic zone volume at X ;
and the plastic zone volume at K ;.. By other words, the plastic zone corresponding to
K i, does not contribute to the brittle fracture probability for K ; > K . .

Choice of the first or second variants may be formal or may be based on the
probabilistic model of brittle fracture.

According to the Prometey model P, =0 if 0,,, <044 or r, <p,. and P, >0 if
O e >0 40 and r, >p,., where r, is the plastic zone size and p,,. is the unit cell size.

From the physical viewpoint the unit cell size p . is determined by distance between
barriers for dislocations. Therefore only when r, > p,,. the dislocation pile-ups generating
cleavage microcracks may form [54]. Hence, conditions ¢ ,,. <04, and 7, <p,. mean
that the microcrack nucleation condition (13a) is not met in the unit cell nearest to the crack
tip. These conditions allow the calculation of the parameter K ., with the Prometey
model [55] so that when K ; <K, we have P, =0.

Thus according to the Prometey model the unit cell nearest to the crack tip does not
contribute to the fracture probability only when K; <K ... For the case when
K; >K i, the above zone contributes to the fracture probability. It means that the
fracture probability P, is calculated with Eq. (25) but not with Eq. (26). So, according to

the Prometey model P, ~B(K;— K 1, )*. Therefore the critical remark in [6] on this issue

is not correct. It has been stated in [6] that it follows from the Prometey model that

** The working volume is defined as material volume that contributes to the fracture probability.
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4 _ 4
Pf = l—exp [_ (KJCKmm]:| , (27)

4 4
KO_Kmin

that is in contradiction with Eq. (8) used in the UC. The above explanation has shown that
this statement is mistaken.

At the last point it is necessary to return to an issue of application of the MC and UC
for RPV structural integrity assessment.

The performed comparison has shown that for low values of 7, both methods
provide practically the same prediction of the K ;- (I') curves. At the same time with
increasing 7, the UC predicts K ;- (T') curve more adequately than the MC, at least, when
CT specimens with thickness of 12.5 mm and more are tested.

For PCC specimens in same cases the MC may provide better prediction than the UC
that is connected with the known particularities of fracture for PCC specimens. These
specimens loose the strain constraint with increasing load significantly earlier than CT
specimens and, as a result, K ;- (I") curve for PCC specimens is steeper than the curve for
CT specimens [25-27, 56].

Taking into account that the stress-and-strain fields near the tip of postulated crack in
RPV are closer to the fields near the crack tip for CT specimens, the following conclusion
may be drawn when assessing RPV structural integrity.

RPV integrity assessment on the basis of direct application of K ;-(T) curve
predicted by the UC method is more adequate than when using the MC. Direct application
of the MC may give non-conservative assessment of RPV structural integrity.

The MC may provide conservative assessment of RPV service life only if RPV
structural integrity is estimated with the ASME K ;- reference curve indexed to reference
temperature R7r, which is defined as RT7y =T, +35°F according to the ASME Code
Case 629 [57].

Conclusions

1. Three statistical parameters (L, 0, and o) have been used for quantitative
comparison of the Master Curve and Unified Curve by treatment of the fracture toughness
data base consisting of 44 sets for ferritic materials with various degrees of embrittlement.
It has been shown that all the statistical parameters provide similar results when comparing
the MC and UC. This treatment has shown the advantage of the UC over the MC when
using any statistical parameters (L, J, and 0).

2. The main requirements have been formulated for objective comparison of the MC
and UC. Taking into account that the main difference between these methods consists
exactly in the description of the K ;- (T") curve shape these requirements are formulated as
follows.

2.1. Fracture toughness data for PCC (SE(B)-10 mm) specimens should not be used as
the K ;- (T') curve for PCC specimens differs from the curve for standardized CT
specimens. The K ;-(T) curve for PCC specimens is steeper than the curve for CT
specimens.

2.2. The number of incorrect results in the fracture toughness data set should be
sufficiently small as for most cases of incorrect results J-integral does not control the
stress-and-strain fields near a crack tip and, as a result, incorrect results damage the
standard distribution on K j-.

2.3. When using the parameter L for comparison of the MC and UC, it is advisable to

take the same Kj}éelf level for both methods, for example, K ‘;lédf = 30 MPavm. This

requirement is caused by a large contribution of K ;- values near the low shelf in the
parameter L and a weak influence of these values on the K ;- (7T') curve shape.
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3. The data sets have in detail been analyzed for which definite advantage of the MC
over the UC has been declared according to [6]. Possible reasons for quite different and
contradictory conclusions in the present research and in [6] have been revealed. These
reasons are mainly connected with violation of the above requirements for objective
comparison of the MC and UC.

For some sets a seeming advantage of the MC revealed in [6] is caused by

overestimated K ;- values near the low shelf and the known difference in the K 5/

values for the MC and UC but not a difference in the K ;- (T") curve shape.

For other cases the conclusion about the advantage of the MC is based on the data sets
from PCC specimens as clearly seen from Fig. 2.

Therefore comparison of the MC and UC in [6] cannot be considered as objective.

4. The main properties of the K ;- (7) dependences for ferritic steels and their
transformation for embrittled conditions have been analyzed on the basis of the Prometey
probabilistic brittle fracture model and experimental data.

It has been shown that for low 7|, values the transformation of the K ;- (7") curve is
described by the lateral temperature shift and its shape is practically controlled by the
temperature dependence of the thermal component oy, (7') of the yield stress. It has been
found from the test results that for many ferritic steels the dependences oy, (7') may be
approximated by the same exponential function. These facts explain why the K ;- (7")
dependences for different ferritic steels with small degrees of embrittlement may be
approximated by the same function taken for the MC. When comparing the values of the
parameter y = 0.019 determining the MC shape and the constant / determining the
0y, (T') dependence the correlation has been found as y = 2h.

It has been explained with the local brittle fracture criterion used in the Prometey
model why the K ,-(T') curves change their shapes when degree of embrittlement
increases significantly that is in agreement with most experimental data sets from CT
specimens.

5. Prediction of K ;- (T') curve used for RPV structural integrity assessment has to be
performed with account taken of variation of K ;- (7") curve shape if (i) the temperature
range for RPV integrity assessment does not coincide with the temperature range for
small-size specimen testing, and (ii) the ASME K ;- reference curve is not used. Then the
use of the Unified Curve method may be recommended.

Pe3wome

[IpoanamnizoBano nBa imxkeHepHux Metona — Master Curve i Unified Curve cTocoBHO OIliH-
KH OIIOPY KPUXKOMY PYHHYBaHHIO KOPITyCiB peakTopiB. J{yisi MOpIBHSHHS IUX METO/IB MPH
00pobui 6a3m JaHWX 3HAYCHH B’S3KOCTI pyHHYBaHHS Uit 44 cTajei Ta iX IIBiB i3 pi3HUM
CTYIICHEM OKPHXUYCHHs OyJI0 BUKOPHUCTAHO TPH PI3HMX CTAaTHCTHMYHHUX Iapamerpa. YCTaHOB-
neHo, mo meroxa Unified Curve mae nepeBaru nepen meronom Master Curve. [Ipoananizo-
BaHO MOJKJIMBI NMPHYMHH TagaHol mepeBarn meroxy Master Curve Ta chopMyiapOBaHO i
OOIPYHTOBAHO BHMOTH IIOJ0 00’ €KTHBHOIO IOPIBHSAHHS METOIB. Y3arajJbHEHHS eKCIIepH-
MEHTAJILHUX JIAHUX I0JI0 TEMIIEpaTypHOI 3aJIe)KHOCTI TEPMOAKTHBOBAHOI YaCTHHU TPaHHILI
IUTMHHOCTI 1 Mozxeni Prometey (Momemni KpMXKOTo pyiHYyBaHHS, IO 0a3y€ThCsS Ha JTOKAb-
HOMY HiIX0/1) J03BOJIMIO HOSCHUTH, YOro 3anexHicts K ;- (') mns pi3HUX cTayeid, 3a He-
3HAQYHOTO CTYIECHSI OKPUXYEHHS, MOXKe OyTH anpOKCHMOBaHa EKCIIOHEHIIAIBHOI (yHK-
mi€ro, 30kpeMa 3ajexHicTio Master Curve. OTpuMaHO KOPEJAIII0 MK TeMIepaTypHOIO
3aJIeXKHICTIO TEPMOAKTHBOBAHOI YaCTHHH I'PaHUIIl INIMHHOCTI 1 3anexHicTio Master Curve.
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