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Summary
Strict requirements are imposed on commercial reactor pressure vessel stee-

1s to provide adequate safety margins against the possibility of failure.
Because of this concern, owver the last 10 to 15 years, a large research
effort (including notable HSST program in the United States) has been
directed at fully characterizing the toughness of nuclear pressure vessel
steels, As a consequence, an extensive fracture toughness data base has been
prepared and the reference temperature-fracture toughness curve approach
(ASME KIR concept) was proposed for production heats of nuclear pressure
vessel steels. However, the recent analytical and experimental progress shows
the limitation of the copncept, and a number of new methods to evaluate fract-
ure toughness are being explored for possible stndarigation.

The present paper reports on a study which sought to establish the proce-—
dures to get the fracture toughness values and sends a comprehensive recogni-
tion of strength and toughness of nuclear pressure vessel steels and weldments
in Japan. The following fracture toughness tests were performed.

(1) Static fracture toughness tests.
(2) Dynamic fracture toughness tests.

(3) Crack arrest toughness tests.
Approximately 2500 fracture toughness data and 4000 mechanical properties
data were obtained. The fracture toughness data were compaired by test types

to the ASME KIR curve.
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1. Introduction
A failure criterion which could accurately predict failure of cracked

bodies would be a useful engineering tool for evaluation of structural integ-
rity and the selection of materials. Linear elastic fracture mechanics (LEFM)
provides a well-known failure criterion (KIC), which is used for evaluating
the onset of brittle fracture. The criterion,however,would be invalid under
the ductile fracture or dynamic loading condition. In nuclear pressure vessel
technology, there has been a growing need for developing more sophisticated
analytical toocls that are capable of dealing with the overall problems such
as ductile fracture, dynamic crack initiation and crack arrest observed in
thermal shock loading conditions. Fortunately the rapid growth of nonlinear
fracture mechanics has shown the validity and usefulness of the newly intro-

duced fracture toughness parameters (JIC K ’KIa) to evaluate the toughness

and inelastic behavior of structural materi;fs. By using these parameters,the
maintenance and integrity of the primary system of the nuclear plant would ke
more accurate and economical.

The subcommittee of Japan Welding Engineering Society made a plan for
measuring the fracture toughness of nuclear pressure yessel steels (A533B C1.
1, a508 Cl.3} and weldments and examining the new testing methods under the
conduction of Japan Atomic Energy Reseach Institute. This program had been
executed from the year 1977 to 1980 by fifteen laboratories in Japan. Approx-
imately 2500 fracrure toughness data and 4000 mechanical properties data were
obtained. Test results were analyzed statistically and examined with refere-
nce to the existing testing codes for pressure vessel materials. It was shown
that the data obtained in this program will provide valuable information to
enhance the reliability of fracture toughness approach for nuclear pressure

vessel steels.

2. Constitution of this program

The main obhjective of this study is to present a general picture of the
mechanical properties and fracture toughness of the steels and weldments used
in current heavy walled nuclear reactors in Japan by ensuring the fracture
toughness tests developed recently. This study was named HST (Heavy-section
Steel Technology) after the HSST program in the United States. This test
program included the following fracture toughness tests.

(1) Static fracture toughness tests

Three point bend (3PB) test, Compact tension {CT) test.
(2) Dynamic fracture toughness tests

Three point bend test, Instrumented precracked Charpy test,

Compact tension test.

(3) Crack arrest toughness tests

MRIL~CA test, BCL-CA test, ESS0O test, Tapered-DCB test.

In addition, material characteristic tests were performed to support the
signifiecance of the measured toughness. The materials tested in this program

were AS533B Cl.1 and A508 Cl.3 pressure vessel steels and weldments suppliedby

72— G 2/7*



steel makers in Japan. These are listed in Table 1. Program was pursued for
three years. During first two years, base metals of each headt were investi-
gated. In the 3rd year, strength and toughness of submerged-arc weldments
(HAZ,Bond,Weld metal) were tested. The scope of this study is indicated by
Table 2. Experiments were performed below room temperature. The successive
cooperative test program for higher temperature ranges is now in progress by

the same participants of the subcommittee.

3. Properties of testing materials

The study was supplemented with chemical analysis, microstructural analy-
sis, tensile tests, Charpy V-notch impact tests and drop weight NDT tests.
Charpy test values consisted of absorved energy, percent shear fracture and
lateral expansion in mils for tests over the entire transition temperature
range. Data on the chemical composition, tensile properties and impact prop-
erties for each heats are summarized in Tables 3,4 and Table 5. Table 3 shows
that @all of these chemical compositions are fully agreed with ASTM specifi-
cation requirements. Especially, composition of copper and phosphorus, which
are known to have major influence on the amount of property change resulting
from high neutron radiation, were sufficiently small. Tables 4 and 5 indicate
that the materials used in this study is chracterized by yield strength of
about 50.0 kgf/mmz, NDT temperature of -20 to -35°C, vTr35mils of -17 to -63
°C. In general the properties of each heat are excellent for nuclear pressure

vessel steels.

4, Static fracture toughness

The variety of methods are now available and under consideration for fra-
cture mechanics test. Among others, ASTM Method E399 is the standard method
for plane strain fracture toughness testing toc determine KIc and has been in
the ASTM Standards since 1968 [1]. In this study,two types of specimens were
employed as shown in table 2. In the case where valid KIC cannot be ohtained
because of the existence of relatively large amounts of plastic deformation,
an alternate approach to the definition of fracture resistance is needed. The
J-integral approach provides one possible answer. We chose the single speci-
men methods proposed by Rice [2] , and Merkle and Corten [3]. b
(a} Effects of specimen size

The size requirements represent the first major judgement in performing
pPlane strain fracture toughness test because the size of specimens is depen-
dent upon the level of fracture toughness that is to be measured. Fig.,l ill-
ustrated the temperature dependence of static fracture toughness KIC obtained
by CT tests. It is shown that there is no large difference between the KIC
values of various thickness specimens at the same temperature, This result is
not particular. Using the specimens which are larger than 1T (1-in thickness)
type, the obtained KIC data scattered within relatively small bounds. However
it should be noticed that since the plastic deformation would be more predom-
inant at high temperature ranges, the requirements for validity could not be

met especially in small specimens. For 1T and 2T type specimens, the case
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occured above —-80°C. This means the high toughness of the used materials. At
that temperature level, J-integral value could be defined and KIC value was
drown from the J-integral valiue. Then the value was denoted as KC{J).
(k) Compariscon with the ASME K g curve

The ASME KIR curve was developed from A533B and A508 steels using static
and dynamic compact fracture and crack arrest data. On the basis of experien-
ce, it was assumed that the lower bound developed in this way could be appl-
ied to all metals if their test temperature were normalized by subtracting
RTNDT from the test temperature. This is an important concept since it perm-
its the use of a few relatively inexpensive tests to predict the toughness
level of the materials. Fig.2 énd 3 represent the KIC ,KC(J) values versus
T~~RTNDT for base metals and weldments respectively. Fig.2 shows that above
-1l00°C the K . or KC(J) values dre sufficiently over KIc qurve prescribed in
ASME Sec.XI. And below -100°C the lower bound becomes asymptotic to the KIR
curve. The toughness of weldments, as indicated by Fig.3, is somewhat higher

or equivalent to that of base metals.

5. Dynamic fracture toughness

Dynamic fracture toughness tests were performed using three types of spe-
cimens. Linear elastic KId results were obtained at low temperatures while J-
integral techniques were utilized to evaluate Kd(J) over the transition and
upper shelf temperature ranges. The values from instrumented precracked Cha-

rpy tests were denoted as KPCI.

(a) Comparison with the ASME KIR curve

The dynamic fracture toughness values K ,Kd(J), or KPCI generated on

Id

base metals and weldments are plotted versus T-RT in Figs.4 and 5 respect-

ively. In these results, however, the dynamic fragzﬁre toughness exceeds the
KIR curve, the lower bound nearly accords with it over wide temperature range,
It is also found that the data tend to distribute broadly at higher tempera-
ture regions.
(b) Effects of loading rate

It is accepted that the mechanism of dynamic fracture is different from
.the static one because of the influence of dynamic behavior of impacted mate-
hfials. The high loading rate associated with impact test imposes a complex
mechanical condition in the specimen. In this study the loading rates in term
of K were set on the order of 0.7 to 3 x 10° kaf mm/mmz. These values are ©One
or two orders of magnitude higher than those used to determine the ASME KIR
curve. Fig.6 represents Kiq ©F Kooy values versus loading rate for present
data and KId
velocity ranges the data scattered broadly and the muximum values tend to in-

Round Robin test results [4]. It is found that at high impact

crease with increase of loading rates.

6. Crack arrest toughness

A procedure for measuring the crack arrest toughness - a property that
expresses a material's resistance to penetration by a running crack-- is a

topic of world-wide interest in nuclear pressure vessel technology. Values of
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the arrest toughness are needed to assess the risk of a long fracture in a
structure. Crack arrest toughness would enter into the ongoing safety assess-
ment of nuclear vessels under emergency core cooling conditions. To evaluate
the crack arrest toughness, several testing methods were performed. ESSC test
which is most popular was applied to several heats and weldments. Two new pro-
cedures (MRL-CA test, BCL-CA test) presented by ASTM Task Group E24.01.07 on
March 1977 [5] were also employed to establish the methodology for crack arr-
est toughness. In these ASTM proposed methods, MRL-CA test turned out to be
more promising for characterizing the crack arrest toughness of structural
materials. Fig.7 shows the crack arrest toughness KIa values versus T"RTNDT
for base metals. The KIa values determined by the MRL-CA tests show the temp-
erature dependence and comparatively little scatter {compared with K.a data in
Figs.4 and 5). Fig.8 represents the KIa values versus test temperature for we-
ldments. From the figure it may be said that the material resistance for pene-
tration was higher in weldments than in base metals above transition tempera-
ture ranges.

Fig.9 illustrates the correlations between the each fracture toughness
(KIc Ko ,KIa) values obtained in this study. As can be seen from the figure,
the lower bound curve of KId is nearly asymptotic to the KIR and the KIa data
seem to distribute intermidiate between Kic and K oa data scatter bounds.

7. Conclusions

This paper reports the strength and fracture toughness data on nuclear
pressure vessel steels and weldments in Japan. The mechanical properties and
fracture toughness data cobtained in this study show the high quality of the
used materials. These data will provide reliable and statistically meaningful
quality assurence data for strength and toughness of nuclear pressure vessel

steels.
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Table 1 The materials tested in this study

Dimensions of Original
Steel Code Steel Blocks
(mm}
t W L
ASTM THA 250 4400 5700
AS533B THB 250 4000 7050
(o 0 § BHA 250 3500 4400
8HB 250 4400 7050
SHA 250 4000 8000
SHB 250 4400 7050
ASTM THC { 5562 4962 3119 )
AS08 8HC ( 2620 2200 1250 )
cl.3 8HD 300 1450 2150
8HE { 2800 2200 1600 )
9HC 250 1860 6000
9HD 300 2200 3700

. { ) denotes Forged plate, outer diam,,inner diam.
and height respectively

Heat 9HB is the same as heat BHB

Tahle 2 The canstitution of this program ¢Numbar o} dave obtaineds

H3T PROGRAM
Teat Typo 7HST{ lat Year ) BAST{ 2nd Year } _9NSTH 3rd Year Y.
[heah THA THB THC SHA :5:: 8HC 8HD BHRE IHA SHB AHC 9HD
O [ 1PD 52 [14 61 52 34 3 - 34 ip0 W 36 36
= [$5}] (17,47 (17,27}
& c cT 13 17 lg 15 a8 19 26 - L7 56 56 —
E e {1T,27,41,1CT) (17,3T,47,6T) (ar)
b o | 3FB 42 18 42 10 18 g - — 32 24 52 10
@2 froed £17,27T) 17,27}
= =
= = { IFC 96 54 99 186 103 29 60 890 | 1iz2 —_ 134 130
2 B ier - - - 15 10 16 10 - | — — = =
= (E33]
E AL - 10 12 12 12 16 16 12 10 —_ 30 18
S & | BeL 9 — — 10 - ~ 10 -1 1w - — -
= & H 4 - 3 3 = - —- 4 — — —
= = | ESSC
< | T-nce — 16 20 8 8 s 8 —1 16 3 8 16
o Tensile Test 18 12 20 42 20 12 48 80 40 [ 82 82
= Chagpy. Test 288 789 151 252 252 35% 216 216 168 144 396 396
A PR 31 82 20 18 78 22 0 96 | 1z 48 30 30
E E Chomlcal anlysis, Hicpe- and Thexrmal chock tests With farge Bpecimens,dynamic
&2 Hacru-structurs obServation, & § fracture toughnass tests with electra~magnetic for-|
Q. Hardhass tost were included. ce & numarical analysés were performed annualiy, tog
Table 3 Average compogition of tested materials
Steel | Code | Plate Chemical Composition { weod )
Thick. C 5i Hn P 5 Hi Cr Cu Ho T.Al
(mm}
THA 254 Q.19 n.28 1.50 4.009 0.006 0.65 0.15 0.0l 0.53 0.033
THB 250 0.13 0.27 1.38 0.008 0.003 0.63 0.15 0.01 0.54 0,026
A533B 8HA 250 0.17 0.27 1.48 0.007 0.004 0.68 0,18 0.03 0.58 0.0i¢
C1.1 8HB 250 0.18 0.24 1.4¢ 0.004 4.003 0.6% 0.09 0.01 0.53 0.016
- SHA | 250 0.1z 0.2) 1.44 0.003 0.002 0,67 0.17 0.0% 0.57 0.012
1R .18 0.25 1.44 0.008 0.004 0.66 0.15 0.02 0.55 9.021
-] 9.01 0.903 0.05 0.002 0.001 0.02 0.03 0.02 0.02 0.008
RC 300 0.20 0.25 1.41 0.007 0.006 0.73 0.13 0.056 0.50 9.030
gECc [ 2io0 [o0.18 0.29 1.28 op.otd 0.005 0.72 0.19 0.04 0.50 0.021
A508 81D 300 0.21 Q.26 1.38 0.068 0.005 0.62 0.20 0.07 0.53 9,026
cl.3 8EE aoe 0.20 0.25 1.44 0.005 ¢.002 0.75 Q.12 0.941 0.52 0.01%
* gHC 50 0.17 N.x19 1.2% 0.008 ©0.007 0.66 4.%3 0.05 0.48 0.020
98D 00 0.19 0.27 1.34 0.003 0.004 0.75 08 0.0Z 0.47 0.017
X 0.19 0.25 1.37 0.007 4.505 0.71 ©0.14 0.04 0.50 0.022
420 0.03 0.07 0.1 e.002 ¢.003 D.11 0.09 0.05 0.85 0.01
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Table 4 Average tensile properties of tested materials
at the 1/4 T location

Steel |Code ¥.5. T.5. El. R.A.
(kgf,/mm } (kgf/mm ) {2) (%) 16001
THA 50.7 64,7 25 70 'E A et
7HE 49.7 62.6 27 69 B
AS33B | gya 48.9 3.7 27 70 g o o e
Cl.1 | 8HB 51.9 65.9 27 67 > HE
IHA 48.9 62.8 27 72 Z ook a 4T f
= 50.0 63.9 27 70 G 4 _orer 4
o 1.1 1.2 0.8 1.6 x He n
10001~ -] 1TCT
FHC 45.0 60.3 26 72 a ooo27eT
8HC 48.8 64.2 28 69 o ° o aTer
A508 z s
8HD 47,7 63.2 24 72 T sl
cl.3 |8HE 17.5 62.4 28 69 3 y
9HC 42.9 57.7 28 73 = a
95D 42.6 58.9 20 70 u  eoof //
% 45,7 60.8 28 70 g 2
o 2.5 2.5 1.8 1.5 g
g wop o
3 t
200+ i?—f”dﬁ
g
9 ] 1 X 1 1 1
20 -150 -6 -50 0 50

TEMPERATURE  {*C}

fable 5 Average impact properties of tested materials
Fig. } The temperature dependence of fracture toughness

at the 1/4 T location K__ values obtained by CT tests.
Steel | Code | FATT vTr30 vTr50 vTr35mils vEshel? THDT RTNDT
{®c) (°C} (°C) (°C) (kgf-m) (°C} (°C)
THA -4 =36 -29 ~26 22.4 -30 -30
7HB -3 - -29 =30 21.3 -25 -25
AS533B 8HA -8 =36 -24 ~26 3.4 =35 -135
cl.,1 8HB -22 - -48 -63 23.9 -30 -30
9HA -29 -58 -48 -50 Z6.4 ~35 =35
THC 10 -23 -11 -18 18.7 -20 -20
BHC 1 -37 ~14 -17 18.0 -35 -35
AS08 BHD | =11 -28 -18 ~20 22.4 -30 -30
cl.s BHE | -18 - -35 -35 23.5  -30 -30
SHC 2 ~-28 -22 -24 23.0 ~25 -25
9HD 3 ~28 -17 ~21 20.0 -30 -30
Base Metal . —
° g
o:7HA - o £
aA:7THB .. J
— n:7HC o &
o o 8HA a4 . =
TE’OOO' A BHB oyed ~—
€ ®:BHC . 1300
c‘n ¥ 8HD N
= & :8HE .
—~
- 1200
3
> 500k
3
o 1100
v
0 1 i L 0
-200 -100 0 +100

T- RTnpT (eC}

Fig. 2 Fracture toughness KIC ,KC{J) values versus
T-RTyno  for base metals
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SHA | o:Basec Metal
o:HAZ « o
T 6 : Weld Matal = :E
- o oan n
B SHB | v HAZ . :'Au,, £
E 9HC [ a:Base Matal o O 4 =
21000, & HAZ o B a hast
= 9HD | o: Base Metal T % 1300
D : Bord L
= HAZ
- o weld Metal
=
e 200
L4
. BOOF
<
x {100
=]
&
v —
1 1 " 0
9260 2100 0 +100
T-RTnor (°C)
Fig. 3 Fracture toughness KIC ,KC{J) values versus

T---RTN

oT for weldments

1500 T T T T T t T T T
ool INSTRUMENTED Clagey TEST o 14%°
o o §°8 o
1300k | o 8HA o oofe® 2 ¢ a 1400
o 8HB . 2 3 2 q
E R00F § & 8HC o tg ,a"o a &
Errook | @ 8HD o 0 g ngﬂ -350ﬁ
3 ~ BHE N B
hf 10er 20905 4 300
= ag 4 20 a
o 900 X lo 5
= 2 oh2 % =
. =13 gj 750
> A P -
a )
o 001 . 2 af z
g Dynamic 3PB 4 o G Egg f 4200 o
« BOOF Test Data ggo YN =
- o/ ! -
= sool tover Bound % =5/ § o )
x o %3 oy | 1150 F
- 00‘4
400  Upper B d 0 fan g
ggﬁo ° /, Sec. I Kir
300 s a0 4100
AT Da g
200 4 oflao82 b
| S = 1 50
100 :
0 Ll L L A 1 1 1 L L L 0
-80 -60 -40 20 0 20 40 60 80 100 120
T—RTnor (°C)
Fig. 4 Dynamic fracture toughness KId +Kpey Vvalues
versus T-RT, for base metals
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Fig. &

Dynamic fracture toughness KI
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