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Synopsis:

ASME SA 533 Gr.B Class 1 steel plates for nuclear reactor pressure vessels have been made for test
purpose by means of combined use of LD converter and ASEA-SKF ladle refining furnace (LRF) in
the melting and refining process.

In order tn secure proper strength, high fracture toughness and excellent internal soundness of the
steel, as well as to confirm their reproducibility, tests were conducted five times, using a 60 t¢ 80t ingot
for each heat.

The results are found satisfactory, and steel plates obtained have a superior internal scundness with
lesser non-metalic inclusions, well confirming what is usually known of LRF refined steels. The steel
even in 240 mm thickness, showed proper strength and high fracture toughness.

These resulfs and other tests conducted on uniformity of mechanical properties and fracture toughness
acrass total dimentions of the plates, fracture toughness based on large specimens, low cycle latigue,

and workability, comfirmed that the subject steel has such properties to permit good nuclear reactor

pressure vessel fabrication.
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Table 1 Developing procedure of ASME SA 533 Gr. B (1.1 plates
for nuclear reactor pressure vessels

Kind of refining

Test purpose

the effect of chemical
compositions on mechanical properties and

Confirmation of relation between chemical
compositions, and mechanical properties and
fracture toughness in case of real thickness

Confirmation of various properties of real

Step furnace Ingot weight
Small size ingot High frequency 3050 kg Confirmation  of
test furnace fracture toughness
Medium size ingot| 15t electric arc 20t
test furnace

of plate

Large size ingot 180t LI converter- 6080 ¢
test 100t L.LRF

size plate manufactured with large size ingot
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Primary refining {180t /ch LD)
Finill refining (100 t/ch LRF)
Degassing (100t/ch LRF)
Forging (6000t forging press)
Rolling (Plate mill)
Normalizing

Tempering

Fig. 1 Fabrication history
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Table 2 Summarization of test results
= - R N ] T “dmm V-notch - o
Ingat Chemical compasition Tensile test Charpy impact Heal treatment condition
Kind | \weight . _ Thickness st
of steel’ ' Yield [Tensile |Elonga- | . . T R o Tew
\ C Si Mn P 5 Ni Mo Al [strength [strength | Lion Eon ¢ T i Trar (Quenching | Tempering! "R
B (e ! (mm) jike/me; |(kg/emt, (%) Jg-myl (“C) [ (°C) [i°Crx (hy[(°Cyx (hy [1C 5 - (hy
75 49.4 62,2 28 17.9 30 =66 | A7S=06 ! G66BO~IZ 620 ~ 45
A 201019 0.20 (120 (0.008(0.007| 0.67 056 [ooua e ——— L L | . RN e - - —_
173 456 59.5 29 6.8 6 —251 B75%6 B8O 12 | 620> 45
173 48.5 62.7 29 6.1 i} —17 | 875x6 600~ 12 620 - 45
B 20 0.20 ] 0.18 | 1.30 |D.0L1 [0.006) 0.69 | 0.52 |o.018] e
i
i 30 49.3 63.8 27 4.6 11 —17 | 875=6 B0 = 12 B0 - 45
— i -
C 80 0.20 | 026 | 3.2% |0.011|0,010| 0.66 : 0.5 0.024 140 49.4 62.8 27 6.6 8 —25 | 900x4.5| 670<4.5] 62045
. . . - i . . P - -
2] 80 0.19; 0.30 | 1,35 [0.013)0.007{ 0.69 | 0.54 [n.032 170 48.8 62.1 30 B2 -7 —34 | 870>5 665 5 620 » 45
— l‘ : e
E B0 018 0.25§1.25 [0.011[0.006| 0.68 | 0.49 |0.018 143 49.5 60.2 30 18.3 | —30| —55| 900% 4.5 665x4.5| 620x45
1) 50.6 4.6 28 8.9 —4 30| 900~ 4.5| 665x4.5] 620x45
F 80 0.18 | 0,24 | 140 |(.009:0.006] 0.66 | 0.53 |0.027 - — -
: 170 53.46 68,1 29 N9 -1 | —34 ] 9005 665 x5 620 x 45
G 60 0.18 | 0.26 | 1.37 j0.011|0.006| 0.67 | 0.5¢ {0.01% 244 49,3 63.9 28 17.3 | —20 | —46 | BOOxT.2] 645%5 620226

Sampling site : Quarter of thickness
Tensile specimen : JIS Z 2201 No. 10
Charpy specimen : JIS Z 2202 No. 4
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Table 4 Slab and plate size of G steel B EEHAIT Z F A v& — THR LT,
Ingot weight | Y  RoRECHR D BEREE AR L, AR
b size | 3103 400x 4600 THTER IR I o SIS R N
ab size w ‘
| MO0 s, R £ ORI U TR
- "'—él-él-)'jmgh-t ‘ : e HREEEEAFER L, Fho, EEE 2L TR
Plate size | 240x3300%6000 S b T 7o KBTI B B R,
Plate weight : 3T t HRIBE THoT WO » 7 5 L VA
) AR OW Z BEEHE T4 Photo. 1 &5
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Bottom edge

Photo. I Liquid penetrant examination results at top and bottom edges of G steel

Top edge

‘Center Bottoﬁl edge : Side
Photo. 2 Sulphur print at top and bottom edges of G steel
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Photo. 3 Macrostructures at top and bottom edges of G steel
Table 5 Cleanliness of G steel
Sampling site ’ ‘
]f ? .
Corresponding | Through-thickness dAsoie ' dBancaon : Concam dA+dB+dC
location in ingot | location ;
Quarter ‘ 0.021 ‘ 0.008 ‘ 0.017 ‘ 0.046
Mid area of top 7 — -
Center | 0.021 | 0.000 0.020 | 0.050
Eooprner area of Center | 0.004 0. 000 0.029 ‘ 0.033
Mid area of Quarter 0.021 ‘ 0.029 0.021 11 0.071
bottom L T D
Center ! 0.013 ‘ 0.017 0.042 ‘ 0.072
" Corner area of ! R, i o
_ bottom Center 0.008 00(){] 2.033 ‘ 0.041
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Table 6 Chemical compositions of G steel (&9
B C -mmSi 7Nir71 i .mP ’ S 1 Ni ‘ Cr ‘ Mo ‘ 7A1 7

s Loty L] oms| opwlom | joss |
Aiming s |05 | 1 | SO 000 0 | oo | 05 G0
Ladle - .18 0.26 1.37 70,011 I 0006 m 0.6'; 0.11 | 0.54 0.019




vol. 6 No. 2 SY-HE )7 ASME SA 533 Gr. B CL 1 @ gmmv;«w 181
Table 7 Check analysis of G steel (%)
T Sampling site L c S ; Mo | b ; 5 | Ni |Cr \ "1'\/1:”‘7;;;1
"7 Cotner area of top \ 0.20 | 0.27 | 132 ‘ 0_012‘ 0.005" 0.70 \ 0.1t ‘ 0.55 ‘ 0.019
" Mid area of top o7 0.z 1.36""\ 0.010 \ 0005} 0.69 ‘ 0.1_(;" 0.54 ‘_0.0217
" Corner area of bottom | 0.17 ‘ 0.7 | 129 | 0010‘ 0006‘ 0.68 ‘ 0.10 1 0.54 ‘ 0.021
" Mid area of bottom ‘ 0.18 ‘ 0.2 ‘ 1337‘ 0.010‘ 0.006‘ 0.69 | 0.10 ‘ 0.55 ‘7 0.021
- 7(T_h-ro:1g7hith;ckn;> l;catlon : Quarter’) - a o
Table 8 Analysis of trace elements on G steel §79)
T Sampling site \ Cu | Sn } sb | As ‘ v | Ti | Nb | o | B \ N [__'6*

Mid area of top ‘ (.01

(Through-thickness location : Quarter)
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250 —890°C

445 - 630°C

5h

Quenching Tempering

0.002 ‘ <0.002‘ 0.003 | 0.006
rre e e s e _.‘

0.007 ‘<0.002| 0.022 l<0.0002| 0.0091 \ 0.0014

Table 9 Heat treatment condition specified in
ASME Boiler and Pressure Vessel Code

Kind of heat | Holding time } Holéi;g _tc.ampe;ature
treatment h/in l sC CFy
Quenching — ‘843~982 (1 550;1800)
Tempermg 0.5 ifiin. 593 (Minl. .1 100)
SR ! Lo |Min 593 (Min. 11000

ElhChbH, FEEOBMBIEAL I LT

T, BARESE LEENREENEEL CED T
VA,

A CORMET RS TEA L A S S
RERG A Table 2 1=, G#ozEd% Fig. 2 1=
AN I

BVLTE o HAEE, Lo bIHEREEC
B LT EEc o, F@ls coRETctHir
CRES T ERT VA, BARMBESE S LT

3 &
615~ 620°C %,)
cf 70.\ "’op
5 Foo. o
o Q,g %
y 2Gh ¢
SR

Fig. 2 Heat treatment conditions for & steel



182 NI B8 B

it, A—AFF1 FEEEEAHE DAL
WREEOMBYC L b ERESELRD 2 L 0L
it b, BEL L LU S RE&EM v Tk
Fig. 3 iwiRT Lo wimELBOLAEL S L2

G4—f— (T(204log &), ##L T &R
HECFOR L AFRE, § REREED o5 28
M TERERTT I LARLMAC IR T BY,

— 7, sz Table 9 xR LA X5
PP DIKE L BB OWETHI R, M HURER
ORI E b ESPETRL S kb il
[R& 3T 5,

G X 23 MFIhtc - Tk, “hi ToRF
LD MO LMEC = v b e — AT
FESL LT o bidv gz, JEX 240mm £\ 5 kR
[ESiR AR L LT T, SEOERLES
L., #rah @R ciANIBRER L UBEL
ELURE R R ORIERE T L SHEAED
B HIATETE L,

¥z, FHE TORMCLD, FEANFORE
B RARNEEOBBROER T LA SERL
oD EAHLAE ERfo0T, GROAFCH
foo TILEAEIIN TR OBE7c B LITHBE L,

3-5-2 BMABAHE

(1) 3TH®
OB L, 84 X Lof T L8Rk
R AR LAk, Bk 3T h

April 1974

FEA, BEL XL, SROBUMFAEREI R,

E#RLAH O (e T, MRS Y am
THCBRBERTWLFA P 7 —F BB T
FH LT,

BRI & L ANERE A BRSO T SR X A4S
b it i, SEREAMT S l, GHEOPEA
O %EANE A Fig. 4 s+, 800°C o B
400°C ¥ TOBHER L LHCH LT — 2 -
DERT L LS RIT L B ENEE OB fo
LEMERTE Fig. 8 2 KH THD,

TR O B RIE YT S0 E T
SR b AR HEE IR SO ¢, B
WE N LEEL R 0T T fer b R E R
o

frds, KEBEBBEAMOT A L7 —F v EGREO
B el e~ T 000 mm 4F = 1 500mm £
BD,

@ Fro 7tk

BT DA SIRES R O TEB
PEET L 3 TSR OLEY 2T XF5D
<, ZhiZh, ASME Sec. H] At HUNCHEAE
BOEARE T, RBR 0nHhRE, Sy
fRETALFRIC Y . v— T AEREAFH L
AR OBIIEYT (VT e 75 Ak LFEL)
PRI R TR, HAECRV T H AL
TR FEEMAE L SEEORRY L b, K<
BHIRTWS,

S(J)U

G(I)() ) 7(])U°C)<2i1r -+

T ¢ T T
L P
G ~——
= sok
5]
3]
2
1]
~
20
E
bt
=
2
= -50p
o
o
H
- 1{0 4{?0
as q. 11 13

A (R R

Tempering parameter T{20+logy)x10°?
Fig. 3 Effect of tempering conditions on 2 mm V-notch

Charpy impact property
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Fig. 4 An example of cooling curve during
guenching for G steel

3 Other steels
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Fig. 5 Relation between plate thickness and
average cooling rate during quenching
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Heat teratment condition
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Photo. 6 Microstructures of G steel
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Table 10 Tensile properties of specimens heat-treated by
q]mulanon method (G steel)

Ep— = — -
. I Yield strength | \ . ; .
Sampling site 05[5_{):32:;3{;1“ (0.29 offset) Tensile strength Elongation Reduction of area
o B (kg/mm?®) | (kg/mm?*) __‘____ RS SN R ¢ T
Longltudmal ‘ 49.4 1 62.8 1 28 75
Top JE FUN . .
Tranbverse I 47.1 { 62.4 \ 27 74
Longltudmal I 45.6 ‘ 60.7 ! 30 ‘ 74
Bottom R RO - - - -
Transverse 1 45.7 ‘ 60.7 ! 30 ‘ 72
- (gr;t_ecimen . _]IS 72201 No. 1(}3_- S - B
!t J
3 s
24 ™ Thickness * 240mm
T - . -_-I
— S 1 ¢ | U

Flg 11 Specimen for full thickness tensile test

a7tk 5 LD-LRF T CE X o ke Ry Table 11 /iR E % L 5, RIS Om
RS BRA TS L D AR h TED, Lz JIS W0BHEBRA C L 2/ R bG8
CORREHELMENALELOLELLRD, BErm i, COXRIMBRIEROEIEZGR
(4) 7 r75 aEoRR T T oA RET A, EY OfE oA
MEO L » PR LIUAE b A flOEART oL Hae Fig, 12231 L 5 CiiER x5 %5 L,
RUELE 7 v ¥ 5 s MBI 251, TIERE Y T - o, &5Eix Table 12 7imixh

Fig. 2 /R LA BB 4 i) Lo Fig. 6 i LerbhThh, BROEWUL T JISTED
L 7o BE A FUBS 0 3 EI AR A T BT % 1170 0 3 AERFE R DT D,
B R L 7o, #5583 Table 10 D L5 bh Th b,

Fig. 8 in Ltﬁ'ﬁ?\i’tﬂ%@("éfﬂﬁgﬁklﬁw [P Surface
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Fig. 11 i+ 2Ig of s #4800, K8 Fig. 12 Dividing method of full thickness
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Table 11 Rebults of full tthknCSS tensﬂe tests (G steel)

Specimen Yield strength Tensile strength { Elongatlon (/)

Sampling site orientation j )
(kg/mm?*) (kg/mm®} | Surface ‘ Quarter { Center

Longltudmal ‘ 53.8 ‘ 70.1 ‘ 33 \ 35 ‘ 35

Top . _ S e PR -
Transverse | 54.6 | 69. 1 ‘ 31 34 3
i Longltudmal ‘ bl.4 ! 69.5 ‘ 35 36 37

Bottom ; I S i -
‘ Transverse ‘ 52,0 68.2 ‘ 29 i 33 33
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Table 12 Test results of specimens made by dividing a
full thickness tensile specimen (G steel)

Thropgh-thickness ‘ Yield strength Tensile strength Elopgation (GL=200mm)
location | (kg/mm?) _ (kg/mm?) L2

Surface | 52.0 65.2 28

Quarter | 19.9 63.9 | 27

Center | 49.3 63.8 | 26

Three quarters | 49.9 | 63.8 " \ 26 -

: \ -

Back face ‘ 52.2 65.6 | 28
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HRHSRBER L RS 5w, SRR
BAER LI, SIROX L anb T e s s n
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Wy B AR, BN TR L 10 mmd,
GL=50mm & 1., A%z JIS G 0567 #efL L <
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Re“'il‘-'ﬂi'on of area
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Fig. 15 Effect of sampling site on 2 mm V-notch Charpy impact properties (G steel)
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Table 13 2 mm V.notch Charpy impact properties on specimens

heat-treated by simulation method (G steel)

stalling Fracture 30 ft-1b
Sampling site Specimen Abs;)trbidlzir&ergy C;{*‘E‘ilzlggy transition transition
ping orientation temperature temperature
. (kg-m) %y °C CCr
Corner area | Longitudinal 13.7 | 35 ‘ -2 ~40
of L e — -
top Transverse ] 8.2 60 ‘ -7 ' —37
Corner area Longitudinal | 20.1 i 7 ‘ —29 —56
of bottom - o :
Transverse l 10.6 ‘ 52 ‘ —14 —o0

(Spec{mén : JIS izéoz No. 4)
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Table 16 SR conditions on heat treatment test

SR temperatﬁre Holding time- T;;lpering
°C (h) parameter
595 ‘ 10”“ - ‘ 18.2—2_)(103 )
620 | 10 | 187410
620 ‘ 20 ‘ 18, 66 x10°
620 | 30 | 18700
640 | 10 19.16 % 10°
640 “ i 30 19': 59 x 103

Tempering parameter=7T (20+log )
T : Temperature {°K)

¢+ Time (h)
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Fig. 36 Relation between tfensile properties
and SR conditions (G steel)
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Fig. 37 Relation between Zmm V-notch Charpy
impact properties and SR conditions
(G steel)
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Fig. 39 Relation between percentage of cracks and pre-heating
temperatures on y-groove cracking test (G steel)
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Fig. 38 Relation between maximum hardness
and pre-heat temperature on welding
maximum hardness tests (G steel)
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