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Effects of Micro-alloying on Susceptibility to Intergranular Fracture
at about 600°C in Heat-affected Zone of High Strength Low Alloy

Steel

Toshimitsu W-Fuju, Koichi YAMAMOTO, and Masakatsu UENO

Synopsis :

Stress-annealing tests (constant load, or constant displacement) on smooth bars which were given a prior
treatment to simulate a heat-affected zone in a welded joint were used to characterize the susceptibility
to intergranular fracture at about 600°C: of various heats of a pressure vessel steel, SA 508-2.

Micro-alloying to cerium or zirconium in the steel proved to have the effect of suppressing the inter—
granular fracture, whereas phosphorus, arsenic, antimony, or copper did not have any substantial effect
on the susceptibility. Remarkable enrichment of sulfur was found on the intergranular facets with an
Auger spectrometer, which is quite dissimilar to the grain boundary segregation in temper—embrittle low
alloy steels. The extent of the sulfur enrichment proved to reduce with lowering of the quenching tem-—
perature in a prior treatment (two step austenitizing), corresponding to the decrease in the susceptibility

to the intergranular fracture.
On the basis of these results, a new model is proposed to explain the mechanism that the intergranular

fracture is promoted by the enriched sulfur in cavity surfaces.
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(constant load, or constant displacement) in which
the central portion of 30 mm in length is indu-
ction-heated.

(b) Prior treatments to simulate a heat-affected
zone in a welded joint (solid curve), or to vary
the amount of sulfur in solid solution (dashed
curve).

T, BENAEE~OBETEORIEYRAN, TOBNE
LEBRAEN E OREREFERYHEA LIERCBET S b
DTH5. FOFERCIESAT, KBIOEEOWHER
S BIRMAENOEBCOWTHRUS.
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Table 1. Chemical compositions of tested heats. (wt2;)
Heat C Si Mn P S Ni Cr Mo Al N O Others
K-1 0.20 0.26 0.75 0.004 0.007 0.80 0.38 0.57 0.034 0.0028 0-0012 _
K-2 0.21 0.26 0.75 0.001 0.005 0.78 0.40 0.60 0.020 — —_— _
K-P 0.20 0.26 0.77 0.029 0.007 0.77 0.40 0.57 0.022 0.0010 0.0009 —
K-As 0.20 0.24 0.72 0.001 0.007 0.73 0.40 0.59 0.028 0.0016 0.0013 0.008 As
K-Sb 0.20 0.25 0.75 0.002 0.007 0.76 0.39 0.60 0.019 0.0023 0.0011 0.010 Sb
K-V 0.21 0.25 0.74 0.002 0.006 0.77 0.41 0.61 0.027 0.0020 0.0012 0.05¢ V
K-Cu 0.20 0.25 0.76 0.002 0.005 0.75 0.40 0.63 0.020 0.0021 0.0024 0.11 Cu
K-Bl1 0.21 0.27 0.74 0.003 0.007 0.81 0.39 0.58 0,032 —— - — 0.0011 B
K-B2 0.21 0.27 0.74 0.003 0.007 0.81 0.39 0.58 0.032 —— _ 0.0018 B
K-Zr 0.22 0.26 0.76 0.003 0.004 0.81 0.42 0.60 0.030 —— - = 0.063 Zr
K-3-1 0.20 0.24 0.74 0.001 0.003 0.75 0.45 0.61 0.030 —— —— —_
K-3-2 0.21 0.25 0.72 0.002 0.003 0.76 0.45 0.61 0.030 —— - 0.020 Ce
K-3-3 0.21 0.24 0.74 0.002 0.003 0.76 0.45 0.61 0.030 — — 0.093 Ce
K-S-1 0.20 0.25 0.74 0.001 0.015 0.75 0.46 0.62 0.031 — _— _—
K-S-2 0.20 0.26 0.74 0.001 0.003 0.76 0.44 0.61 0.035 —— 0.088 Ce
K-B3-1 0.22 0.25 0.75 0.001 0.007 0.76 0.44 0.60 0.029 —— —_— 0.0015 B
0.0015 B
K-B3-2 0.22 0.25 0.75 0.001 0.007 0.76 0.44 0.60 0.029 —— —_— {_0'052 Ce
K-4 0.25 0.25 0.73 0.031 0.004 0.81 0.44 1.02 0.030 0.0010 0.0010 —
5, . p5mm DA BEEE CIRE 15 mm D LTHERM &
thermo couple || L7z Fig. 1(a) RTHBAYERL, FohRoRk
iz S5 30mm OWHEFABMIT S & Lic X oCTEE
00 By 7 AHEME A L. 9HEE 2125 10 mm
{a) Test piece (£10°C) T % . B EBB B O BRI A HHEZ I
B IETHETROFEYHRH T 5D, REneh
2-step austenitizing PR 135000, 5s ¢ 800~500°C (D‘/%fﬂﬁﬁfﬁﬁ; 80s @E
g ~4a1900~1200°C for th) ______ ; : i 1]
s ) i WA L. (Fig. 1(b) %) Fi, MAKHE
B 800500 in80s __(in 75} ~DTMMTES, POWRMBORN L, 0Bk HE
= ]
FREEZC S DIFTHEORF O DI, B
- MBhAs 1350°C, 1min <, AR (800~500°C) A%
(b) Prior treatments 7s ORGHNEYE L. (Fig. 1(b) ##R) o B
Fig. 1. (a) Test piece for stress-annealing tests WitHoBHIbiREY T2 K0 —Fr L, vy —

CLTHEBA Rz b tedb. EH—HMOME
R 28B4 —27 54 MEOERE L. 20 HR
EEmBERE, bOBHRPORET 1 hfRFRT52 L
CIoT, HBAEx TR SOREDZEELDZ LT
b5.
2.2 EFNEMMRBRLEIUEEMRBERHR
SR X D> TRBRABEG % 550~610°C =5
mE LT, MERREK I OTHERREYT oL, B
EIE, ITRRATHBCEERAWR LT, EHCES %
TORM THEM O SRS NEE M2 FHM Uic. RN
BT RABRFOoBBEPRAL3Imm AT H
b, MENGEZE LA EELT, ~ 7 e JHEL5 RS
A ERE s BB RN AR BEORHEEE LTV,
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FAE KA AMISEREAEO 600°C METoNAShEEHICkIIETHETROME 1525

—HORBRA W OWTIHBEICE S 81, AR od
OB 3 7 mElhuke 4 U7 BB CRRAT LT, FEMR R
Hre bR R e R (cavity) OEZZ, I U4 —2 =4
gt L.

2.3 =Tz

EdOBRFEAB 2 bERE 3.6mm, £ 30mm o
- DFRBAYERIL, 2WHEBEAD 1x10-10
Torr LI FDEZech© —100°C Ll F D EEE T4 73R8 B-
WM LT, BRI TOWIoWBEE R O Lic, 2R
SRR 3 pm THB. (foiZL Fig. 5 ounwTit
# 100 pmTH D) A7 P ADE— 75X HERE~
OBBI LA L oTH2%kz. (P, S, Fe LISMIEE L
7o)

B I:/5.5
Ipe+1Ip/505+ I/3.4

B I5/3-4

Ige+1p/5.5 4+ Is/3 .4

e, CF, CSxzhh P, S ORFHE, I,
Is, Ire 1X2FNTFH P, S, Fe (703eV) or—2r5X
ThHbH. i 5.5, 3.4 nhrh Ip, Is D IgelZ
X HHEMRETHS.

3. R BB R

3.1 BRHEAINBEHICEITIHBAEORE

3.1.1 P, As, Sb, V, Cu, 5 XO'BDOHE

Fig. 2 ¢ 610°C ToOEM BB MFEIIC R XiE$ 0.03
%P, 0.01%Sb, 0.05%V, 0.11%Cu, 3 X7 0.001~
0.002%B L hEhOBMRMOFE LR T. 2 h bDTT
EXHMLUTievs K-1 e T, B % LK
-Bl 35 XU K-B2 (38R T LT 508, FOfio
TEOHMA BRI E L THFRIFED Lo,

IHBDITLER XU 0.008%As OB 610°C
TOEEBAH R L1384 Table 2 =

S

40 <oy
O k-1
o oA v A k-p
E O k-s»
© k-v
~
%, 30 O © ¥ K-cCu
x A x-BI
K-B2
a I amo oveo B
2
¥ 20 |- y
! ! ! I
10 50 100 500

Time to rupture (min)

Fig. 2. Effect of micro-alloying elements on the
susceptibility to rupture at 610°C. (constant load)

Table 2. Results of a constant displacement test
at 610°C.

Steel Time to repture Rupture stress
(min) (kgf/ mm?)

K-2 50, 96 25, 26
K-P 80, 130 23, 20
K-As 120, 190 21, 18
K-Sb 27, 78 29, 23
K-V 270 24

K-Cu 110 24

K-Bl 4 30

K-Zr >400 not ruptured

initial stress 40 kgf/mm?

Ok-3-1 |@«ks-2
A k-B3-1 |Mk-83-2
OJk-3-1 |[@k-3-2
W K-3-3

A O

I f ] {
o TNV 0 100 1000

Time to rupture (min)

Fig. 3. Effect of cerium on the suceptibility to
rupture at 610°C. (constant displacement)

Y. EEEEO I oK E VA, Fig. 2 L EEEO
EEAFRD bhd. JEIERMCE XX THETREREMD
BERED bR ek, #HE M0 600°CTd 0.2%
it 7313 43 kgt/mm?, F(3R h @Ik 52 kgf/mm? BE T
H5.

3.1.2 Ce, X0 Zr D

610°C To EEA FRBMTRRE T 3 XT3 0.02~
0.09%Ce RN © E&% Fig. 3 wiRd. Ce %#4F
Lisw#l (OALIED) ww4y$% T Ce iRMI N7 (@
ACINE) x5 &, Ce B M2 HHE 5%
ROBBCED bha. B, BNivRETLTRBY
0.0015% &7/ LT\Th, Ceifimc X 5 BrmsizhE
DOFRFEO>T 5.

Table 2 \7R3 X 51, 0.06%Zr o¥ind Ce ¥in
& RRR BRI R YT 5.
3-2 BB KIUHA

ERORBER DB ESY 1 2 A BHARKI-THhE S

154 2 ThbY, MELERHFMWOEEIRD bhity.

Photo. 1 WRT X 51, BIE ¥ /X EEAH RN
AR S 5 A (lath) OBRALBETH Y, EBFELS
oA v a2 g FRESERRETAEEIED bR D B
DO, EFERACHDOIHIMER TER-.
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Photo. 1. Transmission electron micrographs: (a) as prior-treated to simulate a heat-affected zone, and
(b) annealed with 20 kgf/ mm? at 610°C for 380 min to rupture. (Heat K-1)

Photo. 2. Scanning electron micrographs for inter-
granular facets exposed by rupture at 610°C. (Heat
K-1)

EHTRBA AR B URAEE LT, KA
13 Photo. 2 @WRT X 5T 4+ v 7 AR (dimple) A3
D BRI G. BEENCE] S BICERR LicEARFICHE L
3 7 mElh DBz R %Y Phowo. 3 WRT.

B ER Clil LcREB RO~ Sl m D 1
12, Photo. 3(a) WRGID XS HMicT 4+ v
BRI NAREAKEL TV A0 D LIS,
Photo. 3(b) 138K L7c\ W iRBR - ORETHEIEE >R L
2D ThHY, PARDOE £ vEA FCE LA ZER
DERDBEDLIDL. R BRA~RL MO e £ v
4 FXEHRHTHY, WAL ETRRAMD TS
ERERIBEOTWILWZ EER LT WS,

ok, HBhoLmshy 1 7 VHEERATEM R X O 2 Bt
— A7 F 4 MEMBEH OB~ AT v P THD.
3.3 2BA—XFF+ 1 MEMEOWHR

i Ce = Zr OFEINC X HREHTIIHIZIRIZ, B
Z8ET5 X5, REMBRE CLEMR LEVEIBE
LicRIEOHBRC LB D EELZ RS, £ZTZh
LOTEAXTEM Lic 8 K-4 =2\uT, MnS OFMEH
M ERM AR LIETEEYERE L.
1350°C ¢ 1 min {£# L7, 900~ 1200°C ¥ T&H
L, FhZhoBEEC I h{fHFLT, ~V) Y AFAER

b

| F——

Photo. 3. Electron micrographs of second stage
replica: (a) from an intergranular facet exposed
by fracture at low temperature (Heat K-P), and
(b) from a central longitudinal section (Heat
K-Sb). The test pieces were stress-annealed at
610°C and cooled just before rupture.

xoFTas L. flgrR—ic 3% 7dic, 800~500
°C OBHINENTK 7s L L1z

Fig. 4 1= 550°C ¢ 35kgf/mm?, % X ¢ 600°C ¢ 25
kgf/mm? OEFEREMBFIC IS XIFT 2 A —2AT >
4 FMEABOBREYRT. 28B4 —AT -1 HEAED
BE A NREEAME T EHTIREIS R 7ed 2 BT
HH. KBBECEETDH IS, BARBEN MEVEY
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FERERSSMBEIEERO 600°C MECOMABNBRTHICEIETHETEOME 1527

t /T ot kN
& 7 8 9
T T ¥ T
o rupture test .
550°C Fay
10* | [ 8] (35 ket s med) .
B 600°C R
o (25kgt /mm®) A
—~ A 1
€ O
E I a 8 ]
o |
=1 @]
a O o)
2 0
2 0| 8
[ austenitizing h
€ B Q 1350°C ]
= s 1200°C 4
| ——
L 900°C g
| i | 1 i
1350 1200 1100 1000 S00
L !
(Imin) ’ (tn )
Quenching temperature (°C)

Fig. 4. Effect of two step austenitizing on the
susceptibility to rupture at elevated temperatures,
(Heat K-4 : constant load)

BT MnS E234 < CEE [S] Bl tELd
5N, TOMOBEBRTIIEANBE KBV,
34 F-TRHER

3-4-1 WHRBE~D S, P Of#sE

610°C THEWHE 5 BCEm LIcRBRA LTS <
7 n R RPEHEIZ, Fig. 5 KRT XI5, SOEXhHT
ELVBEHELZRD M5, Photo. 3(a) LFEFE, -
= HTEB A TR THE Lcl K-P o B A O
b, Fig. 5(a)imd X 57 A_7 b adniEbhi.
SLPORWRECFRBETHD, #PSE0.007% 12
WMEP&E 0.029% DKy 1/4 THBH, SOK—-7FX
DFRPOC—27DFILHKRE. Mn D~ 75FHE
NECO TS IEMTCEBHELTVWS EEZ OIS, T
B BBEEFREI~NT A /A4 * T LSO8>TH —
P =W LIEER%Y Fig. 5(b) WiRT. 14 vE—=A
EWED To T A E AR 7 D CTYl St i I RN T
570, BIHABREN SO v — 7 BSI2ARIC
BALTWS., (SOBRFC—7BIRTLLTA4+Y
E—LaDEDHHDSIIBHDOTHD.) TOFERILS
AR E LTTinel, FEHERETERBLTVSZ &
BRLTWA.

3:-4.2 S, P oRFEOME L HE

LR S BHEMNFINIE o\ ISR 0 & o

(a)
w
hel
X
v
z
b
PS c N Mn Fe
il 1 1 1 !
PR Electron energy
,
“
£20
£zok depth ~ 10 A°
‘» | ———
2
L ox 3&
> §-IO‘ \X\
= : x\x
@ \X
¢ — |
s
@
. 1 1 ! i
10 20 30 40

Sputtering time {min)

Fig. 5. (a) Auger spectrum from an intergranular
facet exposed by fracture in ultra high vacuum.
(b) The decrease in its sulfur peak height with
sputtering by argon ion. (Heat K-P)

dN(E) dE

dN (E)dE

=

(b) HTIG type

Electron energy

Fig. 6. Auger spectra from intergranular facets,
(a) Low temperature intergranular type (LTIG)
(b) High temperature intergranular type (HTIG)
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HEUANERECT A, # K4 wounwTii%
7o, FEARTE, MO LIMEAR TS L LTHH
REHMIXEL L3, “OMciiCl XU Mo >k
L, P&, b SEDHNTHEEMLTHS. MnS
DWHEDE SO E R BEHWMASE RS L 5, 1350°C T
Imin FELT~Y 2 aF AR EOTTEL L.
BEANICE TR CHABE LLEEOF — v = - A
RZMARIE, SBIUVPoOEr—zRWTFhibTnic
ROOLhAHBETHD. (FBx 0.5 BTHEE) ¥,
AT 600°C, 1 hifid & LTh, Fig. 6(a) R
Iswe, Povr—rsEea 1.3 BT % BECE2S
DE—7EIX1IET % RKETchn. (Bed & UREN
550°C CHKEIL W) Thics L T 550~600°C T
20~30 kgf/mm? % &7 L, BEWHCH] 5 BicERE LT
BTl Ees &, MAPEE S Fig. 6 (b) WRT X
A=z pANELRS., Tihbb, SOK—7&ES
PRIEDTAEL, PO — 7 BIHAVNEWERIRIAHE
ke @RDdHBh5. (0.6 KF %P, 17.2 KT %S)
i, SE—/EILPY—2EILAABERKE
BRbL BDbh5. 2.3 R]RTF %P, 4.1 E¥F %S)
ZZTHEEM Fig. 6 (a) OfEs LTIG # (Low
temperature intergranular) 0)2&{-@, Fig. 6 (b) D&
@A HTIG o4z (High temperature intergran-
ular) L EFHTH. BEELTH X1, LTIG HoR
HEPERD LR AN R MER CHl X B E L
LD ThHY, HTIG Bl RiE1ED b s HEIL&SRE T
L LD THHEHEINDENLTHS.)
Photo. 4 R FREEE LD S 3 X OP DL DM
fE% k3. Photo. 4 (a) TihiziF—4’s LTIG B
FENED b AN ABHE O T HTIG R OBEERF
HBELTEY, BRI PRFZHC/K2TVS. £OE
FrEEBETHEMES O EAHSL LTV5.
Photo. 4 (b) Tix, <IFAMOBEORR B H T b
HTIG BOBEFENED LR ED, LI TROEHRITLD
b SOOI, PORBEHELIRDPTVE. By
ORI S Ok L P OB & A I CHEMHANIT 1
LTCWwahZExRLTWA, PORBKEESORBHLOMHE
BABE({%% ¥ & T Fig. 7 ¥ . HTIG #loEfs Tk
S &P oMM 5 ~30% KA TWAOER LTLTIG
BB TIE 2% K Th D, MBEBOKINIERELT
Wb,

73, HTIG MDA~ 7 p MIZIIND €= 27 HBD B
nBHD, LTIG BMloAR7 F ACENOEY - 2713BDH
i,

.,( L

Photo. 4. Typical examples of Auger image for
sulfur and phosphorus with their line scanning
profiles and the corresponding scanning . electron -
micrographs: (a) the enrichment of HTIG type
corresponds to a hollow,and (b) the enrichment
of HTIG type corresponds. to both hollows and
the surrounding facet where sulfur and phospho-
rus are distributed antiphase-wise. (Heat K-4)
3-4.3 S, P OPHELC I LEFT2EA—AT F1 1t
ST 0> B
2Bk — AT F 4 FEALEE (1000°C BEiAR) HHEL
T, 25kgf/mm? 7 LT 600°C € 75 min B LR
BAONAWE DS, POREDNHEY Photo. 5
3. Photo. 4(b) 1~ TS DERFEDOE LVEPTAS
BELTEESHMLTW2008D bh, ZOMETIk
P pfEIS D F 5 FEF IO T\ 5. Fig. 7 I @HIT
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TR A SMBEHEE O 600°C [ ToNRENBRSHICk XIFTME

TEoRE 1529

(=)

3
stress (kgf/mm°) - °
%) ®
3 0 20 | 25 30 :
o /-
gi550 | A A A 25 3
€
2leo0| O | @ .0/
20
0
3t Iy
1.5 : Q15 K\
i A E |o
— | | ©
N | %0 &
© |.07;4 A (S XTo] .
E [ (LTiG) A A (HTIG)
s /l &
m(_)OS J A &O < Sk \‘
/|
/ o
Lot avaraya / 7 I
“noise level \ s 720 O\
V7 VA Wawa 1/ 2 [ ¢ ‘1
05 10 1.5 o] S 10

CP (atomic % ) CP(atomic %)

(a) (b)

Fig. 7. Concentrations of sulfur and phosphorus
calculated from Auger spectra of intergranular
facets. The figure (a) is a'magnification of the
hatched area in the figure (b). Numbers in the
figure denote the sum of atomic fractions for
phosphorus and sulfur. LTIG and HTIG refer
to Fig. 6. (Heat K-4)

Photo 5. Auger 1mages for sulfur and phosphorus
with the corresponding scanning electron micro-
graphs of intergranular facet in a test piece which
was austenitized two-step-wise at 1350°C and
1 000°C prior to stress-annealing.

(Heat K-4) The higher magnification SEM shows
re-precipitated manganous sulfides which are much
finer than the extent of the sulfur enrichment.

MERTWAHBIBKR, SHOFEF Y BERELTLT
bPR4BET % BEBELTCWA5ERLHD, Pol
BHRTRT % ULEELTWw-5 L2 5Tk S ORI
2 [R¥ % kiwie>Tw5s, Thbb, £ L LT
Photo. 4 (b) X b SORMEIIEA L, P oPsEs Hhn L

Tw5b. ok, ERETEMERICII -2 2 BTF 9
DHREEL b A 7MiM AEED Hh, BT LM
MnS 3D LS.

4. &E =

500~600°C <4 Ur o EmEAEllux C, Mn,

Cr, Mo, V R &DELTLEET TLIind, RMimcd
FERIND EELZBRTGS. L L, SRR~
DAFEY D PRGN TUIPERE S FRM I E ik
FRITER—R N, BRMAEh LGRS & Lgkio
LB O RBR I TR, APHROMR,

E AR AR E S DEMENARD B, Ce 2 Zr OFI
R 2B — AT 4 MEAER X O THERMAEIR
DIHENDZ EDHB LI, 2hbDzZ &nb, B
B X oTCEW TS [S] % 10 ppm PUFIKR 5 =
ENERIHCERTH S LEREIND. LT LDH
Wk, RBEMORAERETG~DOERE [S] OBEHE
PSRRI RE A (BT B &> MR RET 5.

(1) BERNAEH~O S, P DEiE

Fig. 6, Fig. 7 iR X 5, 550~600°C T 20~30
kgf/mm? QLI FTHES E Licd X FABEHIZED

BRICEE HTIGH) &, SAMTHEIELIZEED

WAEH (LTIGH) LoXEBERE LTS, RE
TIEEL LTS 4~27T BF % BELTBEDENR L
T, BECTRELLCPHE4 L4 RT % BiE LT
LHBEL. ZOEREANARTCS XETIEHoE
BLERTI20ERTHS . (BHEIEEELFE LI
ERE BT B Sl hidis Higys.)

3Bk, WHETBEOSMEMESL RS . (Photo. 4)
LTIG BojRiEIRFum LisE—FTd 5 oici L
T, HTIG BICiRRZER (cavity) LBibh% L IEH
TS ORMEVBDTELL T, O ABEORABEE -
DS, PoRGEL BT

D Z &b, HTIG B OB RFEF T
T, 550~600°C T4 LicZeiflis\ s LIZHR X 2o % &
~DBRETHH EHEINS. FOoFEEL LT, LTIG
BTt NORENRD bt vkt LT, HTIGH T
ENREES D b a. (—i, BEd & LEBIEH TN
DRFBATIZRD bR T iev., —JF, SR TECRA
MEEBOA - + A7 AR ULUELITHEZESRND
C— 7R bIS.)

(2) (WS D%

Fig. 3 o Ce HM#MbD S1zBEMb T oIz LA L
TRTH CeS LigoTR W, FEHEE M O EHEH
[S] fi% lppm X » X 50 ESCTEB T X 5.
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Table 2 © Zr FMMAIC K WTHREIBETHSD. Zhbo
WP RTEY SF LicV R0 S IEEse X o
T MnS 2BENE [S] wEBLtELBRS. E.T.
TURKDOGAN O X319
log ([Mn][S] £ ¥ /@yns) = —9 020/ 7T +2.929

DT MnS iFR awns=1, HEERAGRE fi"=
1 21T, 0.75%Mn o S oEHER Y KD B & 1350°
C < 3lppm, 1200°C -T9ppm, 1000°C Ti3 1 ppm
T (GhHEfE) &785. o Lk@Thi~sLs1, O
BIEFTDH EECIHBRYOERLA L X & TH
L. Eifo, mENEGRETO RERFS SR, B
B IST BuEBREI D XACENTHSS. BTS
W, [EREBIR] B EREEOMY I BICKF L,
BRI ClRBE EE 1 2 VBB X D E
W IS] Bl hEuLHEIND.

Fig. 4 ‘T4 K-4 % 1350°C T Imin {§# L7 & &
D S DEILBEERE Y/ De 114730 pm E BEES bh, %
OFEFH D EE S EIXERR 30 ppm BECROT W5 &
Exzbhb. inElb, =Yy 7A-MnS FHETORF
PrF#c s € MnS O X 5 EE Mo Q#1348
H\TCEBINHLTHD. 2BF—AT 71 MEABERT
& Photo. 5 w3 X 51 MnS AFHE L, 1000°C
T 1 higEr Lok &0 S OFIEEERZ 10 pm BE L
REOhBMG, RANDOEMNDRL &b 1pm L
AOBBOER S Bi3i-n720 lppm BER S EE
zbhb.

600°C T 1 h{fiF Li-& &0 S Ofkik & IE 12 0.6
pm L BESH, HADOEZD 1000 ERETHS. R
O, X OREOCERS B 10ppm Pl ETHD & ZFIT
BRAREITSBE 12 BECELB S, lppm T
ThHIIE0NYZ UTEHEEINS. BCEBOEE LM
KR S DR FRILBE R/ EIEREH D 10° (SBEE® TH
BEEETSE, SOMFIMKIERE /Dyt bk 100 zm
LlbE BBL bhs. COEMOERHORES 7
rEVIEREABRETH L0 5, SORAREITIE—L
ShtTuwdiErbhan. MACZEREG LT EWEI4E
L% &, TORMRAEBKC I >TSS BRETS. €
NSDOEBOIRCKT D HEERINH Y THH X, 5
RSPEN 1Y BETHIIRES BEIK + % &
LS. 2BA— A7+ 4 MEABE IO THRRSBE
2 0.1% DR fctud, KESEBESLE % U ED B 2
DEBEBRIE % U TeiksEELbns. (Photo. 4,
Fig. 7, Photo. 5) )

(3) EERNAZhOWBEMET

7 ) — TSN R TOERERC L OTRISHZ &
WEH /2T D, SR Ehuzrh X b S IEkRE
THHNRRIT Y BRERARE IR TVDY. TOEN
TASRICHRIPICHT LCR R e L R
CAHHDTHDEINRTWBD, LOFRIBILET
TZER DA KBS T 5 D Tikis . (KR ULCEH
DEMD R ORAL CELALEBEDLDOTHS)EK
Braemis BT R AERE A ED bivich, BRI
CERERDOHHNIFED bhieh iz, (Photo. 3(b))
ZORERERCE L TESKILHORPFIH b FED bh
feiote. 73, SR HMRZHIZEREN R EINEZ M
DIHIL HLTIBNEREEC LIKFTS. GRL? 162
TERC I OTEIBENEE,N R EHRE LTS,
te, ABFEOFER T 0.05%V DTN ERLFE I
ZHEXFD I DT DIHE <1 71 P ThoHid L
Bbhsd, ZOHFRERASTREROEEVIER O Tl
NI ER TE R\ EER LT 5.

H. R. TipLer 5% 3 Cr-Mo-V #in 7 v — 7RE
AT 5 RO ROMEKE TS LRELT
W5, AW TR btz Ce ® Zr HINT X % @ik
RE MRS PABNALN LR TS Z E%R
LTWw5, R L, ~%Zhik MoS Tiie { TEIE S O
WopDH. HERD, 2EA-ATFA MEARC LD
BRRRE R MR R BHH MnoS © $hn s SEN
%Mﬁ«@SOﬁﬁ®ﬁym%mLfvémbféb
(Fig. 4, Photo. 5) B S Sixsfch Mn £ 1 b 2
HHE <, 2 ORBROEHEER X Y IX/HV-D T, LOH
BT S BEAEE LT HEHEEY 1 7 45 R Ule biX
EBESEITGLALER Lic\. REESOEBENREX
NTREDITFTDRD EEL RS,

FHN 69 X hiE, 1200°0C 2B as LeRABRA O
BERECOBRRAMOLEMIPEOHEME & WWETT
5. AHEROLRTIZE 0.03%P OFEINEhEZHE
DL (BFINSIRLE L BIEE 1 R s 5.) %
7z, 2BeA— AT 4 ML LcRBRA TP OffE
HBHEINLTWBEG20b 0T, BRNAIREZ R
EF LT b, E5EED BN AL T DI
ELTCEEAEEORRAB QBN YL EIL DR
XTEVT, HNoDF—T = - A= L ATHPOE
— 7 EIMIPNEL, SOE—-2BIDOHAKREVZ LT
HEBREEL. SR ZlhA B d & LIg(k & Rko#E Lo
TRIBETHEHYL S50, PORARHEOERS
WHULEHLEBORAOER (RE, BXEE) ©won
TOBHZIWX 3 CEbhs.

AWFETBOHINC X % @R FENEERE, D
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Fig. 8. Schematic drawing to show how the en-
richment of sulfur and/or phosphorus affects the
cavity tip angle, in extreme cases. (a) No en-
richment both on cavity surface and on grain bo-
undary. (b) Full enrichment on cavity surface
and no enrichment on grain boundary. (c) Full
enrichment both on cavity surface and on grain
boundary. (d) A model for an estimation of the
stress concentration at the cavity tip.

ek, HfE~D BOEEITD T, EhigEo
TR 2 R T 5 ERATEIILE D his ot ks, Ce
FIATEBEER LT T ERAMEI D = & hs

D, BOFELSOEELLHERN THDHL EXLLR
7“). .
(4) SoRMEEEENAEOHRE
WAL~V » 72 2 LORE~ORMWIRTH
OGP RET D 5N REI R T 5
DA, AMEOFERC T hABATH L OYELRH
LB — 9 = MO RRENTRRETHD. —FH, H#
AW ZZROEKm~D S DRFENZERNORE X {RHE TS
LS LEL bhb.

ZER O KR HACEE B CIE - o@ i g, 2
RO Fig. 8 WiRT X3 EREH = % 4+ F
rs ENRBHR=FAF 1B LORVACTHRED EEL
bhd. Tidh, 2rpecosf=rp. = I 20 2 ZETE
WATHD. 2LRBALOBMSAE T TOREMEW2 %
AWTOERET S &, DO REIEEL 51X Fig.
8(a)m X 5 kARSI R AR D Is Tz
FRE~D S DEHFEHE LITHIE Fig. 8 (b) DX 51
ERAIBL D,

h#g7 v — 7 OFECIT LR DB D A\ DRI S ME
BREINTWB. SR Eho X 5 TEL OB AT
BEEMC X 2 BREROMIELEZEET AL EN B 5
B3, AT D FEEEEC O\NT Rl B D A\ ANE

PHIC L5 & E 2 Bbhb . Fig. 8 (d)d X 5czeif
DI EEERE A & RE UG IERT s X350
OB YA T 5 &, Fig. 8 (b) OFAOIETIHEREFR
$aix Fig. 8 (a) OB/ LT 1.35 f5Licn. &
bz, ZBRERECETI2HEREE (= FY » 7 20K
WER-LHCIE) bREROg G-I in { TH
Z, ZERRESE. Ik, IHHEPEHEOMGEa X

0 DX BT, BYEVCHFEMCHNLT A EEOKR E
IR HRETSH. 0N TEIDIE IR FA R E
Ve, RENEVCD VN LY, ERBRSRF
Cle 2T NERRZHIRAEL LD EVOIEDRD
H5b.

Lo = F e X ERER ~D S OREHE SRR
RENERBET B EEZ I ELLBATES. L AT,
S DELEFRIGRMED & TS ORI PO
WOEENEND LEZ OB, PORRFEFS 1EF
% BEOCHEEIL, S EEBCP OLERERE~DEEI S
BRREhERET D EELDhD. —F, PORRRE
FAMEDTZE LS TRITC L D rs DETHAKI VWSS
W, NACER LICERERO rs OIKTEL 7 O
FTRIEABETHS H>W, ZZEHAEL Fig. 8 (c) @
X5y, Fig. 8(b)ickk~1Tsi<, Fig. 8(a) L[
Wi B, ik P ORNRREFAS D TE LVWBHEIX
MARBABBEOHALRAETHY, MNARHIFE
EoSHLrEREREAARIC W LD, &
PR E PO TSR A ENEZ B D
MR P&, BEIE, RBRS&H (RE, RHED 7t &Ky
TAHCTHS 5. BRMAENCK XIFETP oOBE DL
TOREDAR—FON) T LD E 2 Hfv o,

[l

5. ¥

Mn-Ni-Cr-Mo {E&4% (ASME SA 508-2 fH34%H
) @ 1350°C o E#Ey- 1 7 AFBMBEM DT,
20~35 kgf/mm?® DJ5JIF T 550~610°C DIRE TOE
FE ¥ IR EEAARBEM AR ATV, SRR ER
FHEE NIFTHETROEEYRET L. IbKR, &
B RO FRAEBER SO RBEARBE ~OMET
ROBRMEERN .. BREZELNTHLTROEED TH
5.
(1) SERMNAFEOA - - FOKR, POEHE
IDHELVWSORELRDOND . BESY1 715
BE¥, dLREAMTHRD E LKA, 0k
57 S OWHEIRD b, POREL LT THS.)

(2) Ce, ¥7cix Zr OFIMIERIIAE Y IHIT
5.
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55 67 & (1981) 492

(3) 2B+ —27 71 LB (RS 1 350°C,
BEAR 900~1200°C) %4 &, MnS MAEHIEL, &
IR RBEE L0 S OEREEEFLBEL LT P OWliEs %
L 7e%h. Thicss LCEREAMRSHIMET T
% . (BEA IR AMEL N3 & BIRERE P AMEL )

(4) A 71 MEBHORRENCETLT, WA
A VEA PCELTZER (cavity) O4RAERD b
"B, TOBE, MAEMICELREGTOHRIIERE D b R it
V. E T, BEMTERER K ORI A SRS OB H 3D
Hhicvs. (0.05%V M TLIED Lhicls.)

(5) 0.03%P, 0.008% As, 0.01%Sb, 0.05%V, *
721% 0.11%Cu o FmikE-y-1 7 VBB (X1 >
1 AR OBENALNEZ Y EDIL-.

0.001~0.002%B D ¥R EINEES % Ed 5 H3, Ce
b LB CHEMT S L EIUTMEISh D,

(6) ZhboOEBREELE—HCHNATHLDIE,
FI RT3 U722 (cavity) D EMBIC S\ T D = 5
NERELL. Ticbb, BERWCI>TEEB LA [S]
MZEFREICERE L, ERERAES T LIS
TZRRERRETS EEL Db, #£oT, EE [S]
B O EBEMAE NS SRS . (Ce® Zr D%

iz X 2 EZETALHOESL, 2BAd—AT 71 rEML
Bz XA MnS OB,
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