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Effects of Purification on Fracture Toughness of Steels
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Table 1. Chemical composition of the steels referred to in this report and laboratories
where the researches were conducted. Orderd as they appear in this report.

Chemical Composition (wt% )
Steels Laboratories |Ref.
C Si Mn P s Ni| Cr |Mo|Mb| V B N Ti
3. 5%NiCrMoV 0. 001~ j
1 Steel for steam [ 0.25 | 0.01 [0.28 |0.005 | /'e™ |3.91|1.780.45 0.12 o Work | 6
turbine rotor - tee or
9% Ni .
. § 0.001~ Kawasaki
2 C(LAls)TM A553 [0.053 | 0.26 7 0.62 | v 013 | 0.0009 9.3 St 7)
g%l—killed steel N
or low 0. 0006~ ippon
3 temperature 0.08 | 0.25 | 150 |0.0013 | aone 0.0025 Kokan 8)
use
Si-Mn steel )
4 | for welded 0.07 | 0.20 | 129 |o0.004 |00~ 0.0015~ Nippon 10)
e . 0.0076 Steel
JIS SCr 420 i
5 | (Simulaton- 1 0.80 | 0.26 | 0.71 | >3~ 0 001 0.98 0.009 Daido 1)
case-hardened) - tee
6 0. 003~ Daido 11)
JIS SCM 420 | 0.21 | 0.26 | 6.71 | g (37" | 0.001 0.99 |0.20 0.Q13 Steel
7 ! 0. 004~ | 0. 005~ v Mitsubishi [12)
JIS SNCM 439 { 0.38 | 0.25 | 0.74 | o o1a o ora | L-48]0.8310.20 Sorem
8 | ySscraso |0.32 | 0.25 |0.72 g: gg§~ 0. 009 1.0 0.0015%| 0.0048 | 0.020| Kobe Steel |13)
0.001~ | 0. 00t~ Sumitomo
9 JIS SCr 435 0.36 | 0.25 | 0.73 | o a7 | 0 006 1.05 | 0.20 0.013 Mol oo [15)
3%Cr (direct- 0.001~ | 0. 001~ Sumit
10 quenched) 0.25 | 0.25 | 0.06 | o 093™ | ¢ 006 3.0 Smilome | 15)
Nb added
e 0.02~| 0.06~ | 0.002~ Sumit
11 - umitomo
2Zaexclgé(i‘5§ct 0.20 | oo™ o079 | 0lo21 | 0005 3.0 0.05 0. 006 Mot ofe  118)
HT-60 grade A
S 0. 003~ Sumitomo
12 ((ldl:;iiled) 0.15 0.25 1. 50 0.012 Metal Ind. 16)
0.01~ 0.75~| 0.003~ Sumitomo
13 X 60 grade 0. 08 1.50 | 0.02 Metal Ind. |
Medium C 0. 002~
14 | (JISSCra3 |0.33 | 0.25 | 0.72 | & 52" 10.009 1.0 0.020 | Kobe Steel [19)
type) .
* B added steel only
Solid mark : 610°C tempered. © 15mm:
Open mark : 660°C tempered. & * 30mm
& =3 0O : 60mmt
£ 20f
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é .\ \ o Flg' 1. Effect of S content on JIC and
g - — A dJ/da of 3.5%NiCrMoV steels which
£ 101 \g\"’ were quenched from 900°C after for-
* ging and homogenized and tempered.
The tensile strengths after tempering at
0 = L ’ 610°C and 660°C were 104 kgf/mm? and
0 0.005 0.010 0.015 0.020 .
S (%) 86 kgf/mm?2, respectively®.
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dJ/da (E: Young £, os: RBIGH) Lo TEZh
% Tearing Modulus (@ i35 & & b HIEM: E DR
B HIET 29, Fig. 1 © 3.5%NiCrMoV #in
Jic X0 djjda & SBEOBHRERTY. Jic OEE
BBz v 547 v AR X b REiga R, ikl
BEOZECBTH J-BooER LD, df/da (TR
BMORE D BRDI. Bl X1 610°C 3 L O° 660°C
Bl K LTCHFRFR 104kgf/mm? 3 Y8 86 kgf/mm?
ThHotehs, Jre BXO dJ/da 1S BRI —DBE
EMEE EREL, FeA—@ETIIVThE SED
B IO TR L. IBBENRI—-THOT LI
T OB RNEYEI BRI HDHEETIIIhHO AT A
— & — & SEOM—FN BRI Lic< 7t 545,
ZOBACT DL SEDI Db Y IC MoS L B{LYRNEY Y
EbR® N EYERRCHE T 2EREY L 5L, —
FH—DORIEPTTH AR IR, Dz LILE
T 5 E SN EYEERORLC I OTRE Y
HRCIEBEKE LW EEREBLTRY, BlT%
MEEEE T F S L3 E O TH 5.
FEORKERIL I%NI ik T LR TR,
Jic BXO dJjda 13S DIERAEOTHA L. SD
BRI X h BT 5 BB AT AERE L C
1%, MnS OFEOBACES TOTHERREL B
L, F4 v 7ABEOFBETHS MnS ORFHELRM
OO BCET AN RT S LB EE L
bhs.

3-1-2 Hathpisg

SHERIC & 5 MR SRS HE TOBR LRI h
FTRD LR TR, Zhu MnS 2 ERAE O S
Lo TRIb R RET 5 —TF, EBMEENITEhES
ORI SO EENFEL, XHEMTKTS
S HORINC &) b2 2R 0 51 &
EZxbhTwb. L LEEOIkFEPRE TR, 3.5%Ni-

CrMoV #89 ¥ I OUYRRA 7 4 3 % 4 FEREIEEEH o
ZH D s\, BT A ER S O
B XoBEIND Z EAPELMC IR

Fig. 2 & 3.5%NiCrMoV $RoBmERERE, vTs,
B IO ESWMBIRIC ST 5 > » A ¥ —HBE, Lvus, &
BoOBFRERT. g3 Fig. | @RLicbD s
—Thb. vIsEHTHE, M—SETIHEREDS
PMERME ey, ErR-EOH AL S<0.01%
TR S OEFCE>TETL S>0.01% TXSEKRF
NPEETKHL B, vTs OSBTHT LKL EE L
ST Lo TE e e i3E B 2T &S
Nl SOEBICLD vTs 2METFTHEEE LTI
MEREORKR LD MaS BEDORELV Y % 2 b h
%. EEWC R 3 EHREIEREEC R 5 BT
GL, EHREIREAE S F-SERK X DAL,
HHEES OBECIEIERTHOHENHE T H
n, L, THATHE SR IS\ TS DRI L h 8k
PEEI NI, T v —v a vORERC I B
EMOZHB IR MIhiciod L& bh, BT
DX 5B R ok, —HLZHFROBE
S DIERIC X b it AekaE S, = OEENIZMEHIEE
ExZFIEE, ToBEECRD S, Fig. 313254
HoORER COD {#HAs 0.1mm rronRE, Ts, =0.1,
L SEDRFEYE A DR IOFIEEEYL T -8k X
VBEMCOWTRLIC DT, T5,=0.1 0 S BER
WX BRET R 720°C f& BRERE & W 558 FIBEIEIE G4
DBEL DL BFE TH o, r BEENPHEEM I
BT SERCHESTHT L. RI—SETHELE
Ba, T5,=0.1 FEEMEFRENME HEEED &
e E R & e BIEIBIE T A R AR L.
ChOEDFERIZ I OSE MnS ORSIRAE B8 5
HEERICAESBETL L AR LTE D, SOEER
(100)011) FIELAHBOFEEERL THEDLL.

8 Solid mark : 610°C tempered O : 15mmt
;'g 20F \ Open mark : 660°C tempered & 2 30mmt
L ¥ 8 0 : 60mmt
€ - \ \Q
oo a \
= 10} — e -
g - \‘
2
Ty
0 t } t
501 -
1
.
l/
© o} A .
o ¢ Fig. 2. Effect of S content on the
R a__— Charpy absorption energy at the up-
—,/”’-A per shelf temperature region (Lyys)
7 /2 and the fracture appearance transition
o temperature (yTs) of 3.59%NiCr-
0 0005 000 5615 G020 MoV steels. The same steels as in
. S %) | Fig. 19.
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Fig. 3. Effect of S content on 75,-.; in the
Z-direction of the Al-killed control-rolled steels
for low temperature use. TF:Finish rolling tem-
perature, NR:normalized steels®.
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Fig. 4. Effect of S content on 77 in the L~dire-
ction of Al-killed control-rolled steels for low
temperature use. The same steels as in Fig. 39,

Teds Ca FEMOZHR L 0.0007%S $ETixFRH b
ofc.

DX ST So e, SEE
PEEOT R EDO DDA EENE - I BE’
DHIBEIN, HCLTOHMRERLRBTIHHT Tk i v
2, BRTIRBEOBHIKEIHELNMCE R TE b
+, SBOWREEEL L TEIR TV 5.

CHETCRRTE D 5 COD 3 iEMp: 8 o
RAEEEEERTIOTHD, vIs & To=e. & DHE
RF 4 =7 7 o FRBELEOREY 7o X X b
Rerb i L OBIEEZ LD, BREILEE O
TRFIBRFABNEL 5.

DS EIBEFEILEM T, TIG B X 5l

fte— My © —HRABRCTHE LI - BEERE
B, rTs, X0 Tt B g e o 5/ 23T
t, Fig. 4 wWRLcE S LFAD v Ts 13 S DER
WWEXDTZHED Ts,=01 DHFH LT M 2 2Th
ALY, —HEEROBAE 7Ts XSEBIIKFEL
eV ZoMEE, SIEELES TS OB X B w2
V=g VRO X 2T v Ts »ERT5, Bl
MTie S —v g VAEE LW DI S BEELT
IRV e EBEEL LR,

9%Ni DR Esso REEIC R\ C, AN EZD
EILEM I SEBEOERE L b Lic. ThIIEA
B ClEt: E HOBUFAT HEM: %28 (Shear Lip)
DIZREEGL(AS /da) 23S DIERIC LW AT HZ Lic X
HEEZDLRS.

hbDfERIL, v —v 2 % Shear Lip Off
HAEALTCTED AL, SHMEHBEORED L Tl
T DEREELFHEC S FETHE LERL T 5.
313 OB LIFE

Ll R 7=z & MnS 23Rt o g fi b
ABEENRHRELYRLTVS0, MnS ofREL LT
T DE HRAER D BbA U C BN 8k
WEBLYLE L 2BAER D 5. Fig. 5 BBEEES 1 7
AN LT Si-Mn 800 Ts,-01 & SE © Bf%,
800°C 75 500°C D E#IRERI2Y 10s 3 T 08 96s DB
BEDOWTRLTEDY, SEMACHE To,01 HE
ALTW39. ZoREE LT, BEAKOBERE
mEMNDL, WEBBREY A 7 o X h MnS 23F
BB v MACERHLTY = 54 P HROBE e

PT

At 1400°C X0s }1400°C x30s
| 10s O [J
96s a | ]
—20 Figure means hardness P
186
—40[- /)73
O
179
—60
o
§ —80k ]
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[ ]
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0 0.01 0.02 0.03
S content (%)

Fig. 5. Effect of S content on 7Tj5,=¢.; of the
simulation-heat-affected zone of Si-Mn steels!®,
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Charpy impact eﬁergy at 108K (J)

Fig. 6. Correlation between the critical COD and
the Charpy absorption energy of both the matrix
and the simulation bond of 99;,Ni steels at-165°C
(108K). The fracture mode of the matrix was
cleavage and that of the simulation bond was in-
tergranular?®.
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ECDOWTHRLR TR D, ZhAbD #iz-Th 3
170°C » 5 450°C DEREED & LI X % Mifbix R L
2. ThBDOHMEBTUL P X 5 fEbici3 %Mo,
B, Nb, Si, Mn i YD EETLROEESLEHEREABIC
X BB LRI OV T H R IR T 5.
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PREN SR, Fig. 7 11 SCr 420 o BERE KRB
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Fig. 7. Charpy impact value, fractional area of
intercrystalline fracture appearance and grain bo-
undary P concentration vs. P content in the mat-
rix of simulation-case-hardened SCr 420 steels.

Austenitized at 925°C and tempered at 170°C1v,

BiFTD Y e E—HBRE, FMABRRS LA -2 =0
AN L HRRAPEREL PEFREORBFRYRT. 0
R PEEARC LS v ¢ 1V & —HREOK FIRE D,
R PBEIBEA Ui B A RN L 7o fed T
HHZEERLT WA,

B RBIC 0.2%Mo 45wk Pl
LB S h, NMABEEILET L, HRESHEK
FTHZENHBA L. Lo Ligh s Mo ofiine X b
T ROBHRMESE U T b 2 &, FA—RETHEBL 75
& Mo HMOEHREI X > TETT55A b Bb
Bk, Mo Jinc Lo CTH A PEEAEILL Tk
W ki EM D, Mo ORIZFECKBOMMLAER L
TOHDEEZ LR, RITCHAMECHTHERDE
EIIHER I s ot

Fig. 8 1z SCM 420 $8 (SCr 420 $@w= 0.2%Mo %
WL b o), FHEER LI SCM 420 §§3s L 0 SCM
420 SROBRRBHBEL T 0.8%C & LIcBEERRRM O
BELX PEOBGERT. o ORISR © Bk
0.5mm ERE UHE R OO E X S K
LT ETHEREIR, ZOMOMMEAE L L CHE
DREAZANANF - IOTHR IR TVEHT EHREL
T 5.

SNCM 439 #Ric s\ Tix, P X ARglkasat#ib v
P A E BRI L ARB ORI Sh, RAWECEETS
FORBRNINfc=F e — (BE=FALF-) &, £
DHBCHININfc=F ¥ — (BR=FLF ) LDy
BT 233 Hhic®). AR TR, 300°C LU FoBE
LELDOBEPRIAMIEIFEEHBE=FIALF—D
Ziba @ U TR, 400°CLL EofEd &L CIHICRE
LR AF OB EB U THRS HRIPBE S h i
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SCM420
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Carburized

) Case(0.8C)
I \
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Charpy impact value (kgfem/cm?)
~
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Fig. 8. Effect of P content on the Charpy impact
value in plain, simulation-case-hardened and case-
hardened SCM 420 steels. Chemical composition
of simulation-case-hardened SCM 420 steels are
similar to SCM 420 but C content is 0.809, ins-
tead of 0.2194,12),
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O
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=l B2 £ 1
Bl B
(] X
=N I 1 ~
0 0
001 0025 0.01 0.025
P+S (%) P+S (%)

@ : Austenitized at 850°C
O : Austenitized at 1100°C

Fig. 9 Effect of the impurity content on both the
crack initiation energy and the crack propagation
energy discriminated by using an instrumented
Charpy impact testing on SNCM 439 steels which
were austenitized at 850°C (solid mark) or
1100°C (open mark), quenched from 850°C and
tempered at 300°C and 500°C12),

Fig. 9 1w 1 & LT 300°C 3s L U8 500°C $ed & L&
7ot SNCM 439 S0 X WO RER L OMER = F L F

—& P4+SoBFEERT.

Bk DO PLBESR A 170°C LS {ERBESL K LThHB
EHREETLHE, PRIDMIEARE = 1+ —DETF
FBUTHR TS LW IOIBRIZ o cHRE IR -HEA
E—FHTHLDTHD. LarL SNCM 439 giic s~ C
600°C Bt & LTk oA HET 2 HE L R ok,
RELER = 2 V¥ - OF#ED B EBIC OV BET
EFENETET S A H = R ADFHHE» HE5H X HIc 3
LT BERDS. ThHLDORRIL, 20 X5 R
FELEREMRO P X 5714 U0 855058
BEaRBT2 LTERTHD I EEREL LTV,

SCr 430 $fic s\ Cit, PRI BB BIR X >TH
FEha o EAPELLR IR, 850°C %7213 1100
°C 2 HFEARE 200°C 55 500°C CHED & LE{TOK
B, vl ©—EEET 350°C B XL CHB/IMEY
AL, ZOfEEPEOHAL EDIETLA. 0.0015%
Ba L 7c%&, 0.013%P ik X0 0.027%P @
1/ NEBRAE 2 B 4RVR N 0.002%P §%s X0t 0.013%P
MOBELRBEL LY, B X 3bomEs e X
.

Photo. 1 1= 1100°C I » A 350°C Bed S L L
o, PEORA BHEME LIOBERMBEREDO v+ L
C-RBAEEOEAEBRBHERART. BERMOSE
P oAt TR T R R B s S~ X Bk X
OF 4 v 7T ABIEANEBIT L, BRBE L HA LT
%. BEIEMC I\ T P oot -o O Bk R ik
AL 0.002%P o (f) TILHEF + v 7 A OIEWK
WTHhote. W—PEDOBERMME T2, W
Ao P ETH R FABME R 7 < W O b 5 R
D, S BORERY HEBED K/ R A BE R &
WIT B Ehvbms. IekERED & LIEATERT
% 500°C HEd & LGk BEHINC X 2 8 o B 138 »
Y (WG

Fig. 10 (X By X OVEBEMEBD A — 2 = 5o
CIHRAPREL PEFREOMFRELRT. A—PED
B4, BRMMOKAPEEILBERMMD 1/2 LT
BALTxy, B HLIEL P oK FARHT ORI
CEIHZEHRRLTHS. NAPEBIIBEALDE L
350°C B, & LCENEL, DT LR AVEEA DN
B erAE vk b vrRT. HAPRELRED
BAfR2: & McLEAN OFHREHITR 2 AV TRD P D
PR RT= v 2 1€ —1%, BRI X v# 30% EFL
fo. THHDORENSGBIRIBPORIIMIEEES LT
1, IKBOEEOKRE VB PIEST L CORAREITL,
FROTREREMT AL PORHC LAV 4
NE—FIBRETIRLZ LR LB EELLRS.

EEFES & UMEMER oL B #EE AR X2 TREM
IhBZ e SCr 435 g X5 ERBERETREIATL
%19, 870°C 1 LE#EEANR (DQ) ¥ iXEINSSEA
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Photo. 1. Scanning electron-micrograph of Charpy fracture surface in SCr 430 steel,
quenched from 1100°C and tempered at 350°C19. . 0.027%P, a:0.013%P, c:0.002%P,
d : 0.027%P+0.0015%B, c:0.013%P+0.0015%B, f:0.002%P+0.0015%B
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Fig. 10. Effect of B content on the grain boun-
dary segregation of P in SCr 430 steels quenched
from 1100°C and tempered at 350°C®,

o (RQ) £ 200°C 75 500°C cHEd L LI-BA,
BEEMEAE Kic 2METFTLIZU® % PRI DQ w1
RQ oBHEThFh 0.03% $X0°0.01% L E&re
D, EEFEAMD P X % M b RESE A T hnBveE Al
HEBELUTUETT5 2 E29RI N1

P X slfifbtR#+% Mn % Cr TE®RLY: 3Y%
Cr % 925°C 2v5 DQ #7113 RQ # 200°C 75
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Fig. 13. Effect of N content on T'5,-4.; of simu-
lation-heat-affected zone of Si-Mn Steels.
Deformed 5% and aged at 250°C after the simula-
tion-heat-treatment. The same steels as in Fig. 5,
but S is about 0.010295,1).
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Fig. 14. Effect of N content on the correlation
between the strength and the fracture toughness
of HT-60 grade steels direct-quenched from 900
°C or reheat-quenched from 920°C and tempered
at 630°C17,
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AEREOCET L LTHRD LR, ZHIZFEAMED
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FOBESHEBIE bR Lk b, Fig. 14 L i3iERA
LI R > HT-60 S35 BEREmosRic o
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ROFEL TN, ChbDAESRS DEE L Table
2 ERTERRAC LI OTEIh, EEOHEAS T %
WREEE KO P ORITOMEMBEE X —&% T2
LR IR

PoRE2RETATHEELUL P AFDEs C,
Mn, Ni oZ8H)gEEC Si, Cr, Mo OEZE I hb
EHEBTHIEA . Nb, V 12 0.1% BETIIHE D
&Y B ESkootk. Hik Fig. 15 wid. Cr
IOTPORBHENEATAIEEL LA, viar—
¥ a VETER X0 CRERAL 5 iR o Colgfmic X 5
SBENDG v BE~NOBBICERT S LMD LA
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Fig. 15. Effect of C, Mn, and P on central segre-

gation of P in as rolled plate.

Table 2. Effects of alloying elements on central segregation ratio of manganese

and phosphorus in as rolled plate.

K¢t Kua? Kun? Kp! Kp? Kwi! Kcr! Kuo! Kuo? C
Se 68.1 —29.3 12.0 273.5 —7625 8.68 -0, 64 26.3 —52,2 17.8
Swun 4,22 ~0. 87 0. 41 —4.8 — 0.16 —0. 016 —0.16 - 1. 67

Sx=Kc'X W'+ Kun X Watn + Kun? X Wan?+ -+ C

Sx: segregation ratio of manganese or phosphorus

Kc'~ Kmo?: Segregation coefficient of each element

We~ Wuo: Concentration of each element in weight percent
C: Constant

— 47 —



756 & Lk | #® 72 £ (1986) £ 75
o (0.75M 7 O @ HP /
| 0.01C PN
c0 : [ cmwe
6 L A LP 4 6 .
40 | X
- 5 _______ ad 5
— Va N —~ e
(&) ’ o N & 5F 5 o
<~ 20 1’ od “ a o ¢ \1 E %
[ \ I £ =
\ / - R 44 Q
Ne 4 % 4 2
o = Te=—a_ — - = 8
) a
) | 13 2
-20F ° 3 3
(8] =
" n ' 3 1 g _8
0 0.005 001 0015 002 E 2 12 <
P (%) g
6ol -008C 1} 11
i ~70 N 0 L ' 0
40 A \ 0 2
S ol /,// ¢ ) _ Heat times
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Fig. 16. Effect of C content on the P-embrittle-

ment in the through-thickness direction fracture

properties at central segregation of X 60 grade

steels. Dominant alloying elements are shown in

the figure.
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Fig. 18. Effect of the cooling rate on the fracture
toughness and the hardness of simulation-heat-
affected zone of HT-60 grade Si-Mn steels. The

cooling rate is represented by the time to cool from
800°C to 500°C1o),
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