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Fracture Toughness in Heat-Affected Zone Subjected to Stress

Relief Annealing

Shogo KANAZAWA, Hiroshi MIMURA, Kazunari YAMATO,

Makoto SHIBASAKI, and Tetsujiro TAKEDA

Synopsis:

Transition curves of Charpy impact value and COD were measured on high strength steels, HT60 and
HT80, which were subjected to synthetic welding thermal cycle and SR (stress relief) annealing at 600°C
and 650°C. The cooling rate of welding thermal cycle was chosen so as to give not so different hardness
between ““as welded” and “SR” conditions in the same steel. The following conclusions are obtained.

(1) Specimen HT-80 stress—relieved at 600°C suffers from temper embrittlement characterized by in—
tercrystalline fracture and high fracture—appearence transition temperature ,T,s in Charpy impact test.
Other specimens fracture in a cleavage mode at low temperature.

(2) The temperature at which COD assumes 0.10 mm, 6710, is set to be a measure of brittle fracture
initiation temperature. §T,.,, was found to be much lower than that predicted from »Tys in the specimen
of intercrystalline fracture type. On the other hand, evaluation of toughness depends not so much on which
measure ;T or 87T, is employed in specimens of cleavage fracture type.

(3) It was found that the high dependency of fracture appearance transition temperature on strain
rate is a cause of the extra—ordinary relation between +Trs and T, 1, in specimens of intercrystalline frac—
ture type. Then it can be concluded that an appropriate strain rate should be selected in toughness test
in accordance with the service condition of the objective steel structure.
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Table 1. Chemical composition and mechanical properties.

D . . Y.S. T.S. | EL
Steel (mm) Cc Si Mn P S Cu Ni Cr Mo v (kg/mm2) | (kg/mm2) | (%)
HT60 | 32 |0.13]0.33 ] 1.45]0.027 0.006) — | — | — | — |o.07] s55.0 66.0 28
HT80 | 30 | o0.12 0.25} 0.34l 0.010 o.ooq 0.23 {0.83 0.51 | 0.42 | 0.05| 84.0 87.0 24

1) t: Plate thickness
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(a) Specimen for weld thermal cycle simulation
45"
<:Z
4‘——7‘“ {
025" /! L
i T 2
27.5 g 27.5
55.0
(b) Specimen for Charpy impact test and slow
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(c) Specimen for COD test

(d) Tensile test specimen for simulated HAZ
with/without SR.

Fig. 1. Details of specimen.
BE AW IO 2S5 720 T, FBOBE
T2 AV D EREE L8570 O AR B i i
SIS R D DI2DNT I FNEL LD 2T X DA
FEIREmPIE LN B2 BITNR DL 0D TH5.

2. R B /7 &

PERM BT E AN L L TR ERSh TV 5T
A 60 35 XX 80 kg/ mm? R DEENMTH L. £D
&k Ot g 2 Table 1 2R3. »Th

N 1350°C piéak -te}npera{ure
1000 [~
- L
o
hart e e N
g o oycle (b)
g . 800-500°C
2 500 80sec.
O
2 i \
1 cycle ()
T 800->500°C
10sec.
0 EUER TRE SN WU ST S TR ST SURUN DUV SR TR SUTE S IO SO
0 50 100 150

Time (sec.)

Fig. 2. Simulated weld thermal cycle curves.
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C) HAZ (800—500°C : 10s)+SR (600°C x 3h) C) HAZ (800—500°C : 10s) +SR (600°C x 3h)

D) HAZ (800—500°C : 10s) +SR (650°C x 3h) D) HAZ (800—500°C : 10s)-+SR (650°C % 3h)
Photo. 1. Microstructures of HT 60 steel. Photo. 2. Microstructures of HT80 steel,
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Table 2. Mechanical properties of specimen for simulated HAZ with/without SR.

Cycle (b) only Cycle (a)+600°Cx3h Cycle (a)+650°Cx3h
Steel Y.S.» | T.S. | EI®» \R.A| Y.S» | T.S. | EI» |[R.A.| Y.S.0 | T.S. | El» |[R.A.
(kg/mm?) (kg/mm2) (%) | (%) |(kg/mm?) (kg/mm?) (%) | (%) |(kg/mm2) (kg/mm?) (%) | (%)
HT60 45.9 62.8 36.8} 69.6 | 54.6 69.2 | 24.4|60.2| 48.0 | 60.4 |39.8]72.7
HTS80 59.1 72.9 | 40.0 | 61.7 | 79.4 89.3 | 34.1|64.4| 63.7 70.9 | 33.8 | 63.3

1) Yield stress or 0.2% proof stress
2) Gauge length; 20 mm
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Fig. 3. Results of 2mmV notch Charpy test
(HT60).
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Fig. 4. Results of 2mmV notch Charpy test
(HT80).
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Table 3. Hardness? and fracture appearance

transition temperature.
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Fig. 5. Results of 2mmV notch slow bend test

(HT60).
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984 g & W £

64 4 (1978) 457 =

[ o cycle(b) o . ;
. t
x—.—x cycle(a)+600C X3hSR R',‘ch'?;cf growh
Ammmms 1 +650C X » .
— 160 —100 —50 0 +50 +100
0.50 - T - T 0.50
0.40 - -4 0.40
—~ »
1S
1S5
= 030 : -40.30
«© A
o .
o s
S / N s
/ Y a4
0.20 + / / 1 0.20
] x
7
-%4 x -
i ’i";{' B ’
i g
' x %7 x
% 3 J
0.10 F 0.10
& x <
8
L - 1 1 I
—150 - 100 —50 0 +50 + 100
Test  temperature (C)
Fig. 8. Results of COD test (HT80).
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Fig. 9. Correlation between 2mmV notch charpy
impact, slow bend and fatigue notch COD
test.
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A) Cycle (b) only (test temp. —20°C) = -

B) Cycle (a) +600°Cx3h SR (test temp. —10°C) A) Cycle (b) only (test temp. —10°C)

C) Cycle (a) +650°Cx3h SR (test temp. —40°C) B) Cycle (a) +600°Cx3h SR (test temp. +30°C)
C) Cycle (a) +650°Cx3h SR (test temp. —120°C)

Photo. 3. Fractured surfaces of 2 mmV notch
Charpy specimens (HT60).
cycle (b) DA CVIREMBE BB Td 52
600°C SR AVEEAA V3 ARk T V3 AHR 2R SR T 2 7% 3 HHNBITTER.
UL, 650°C SR a4 5 &, HEEmgmh ok 5a 3:3.2 COD bt R RIES
WP EDHEIAIEE LRT L, OB R R akmm s 8 Photo. 5iz1, HT80 @ cycle (a) o 600°C SR #f

Photo. 4. Fractured surfaces of 2mmV notch
Charpy specimens (HT80).
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gg } Cycle (2) +600°Cx3h SR (test temp. —40°C)

Photo. 5. Fractured surfaces of COD specimens (HT80).

ﬁ.g } Cycle (a) +600°Cx3h SR (unloaded at COD=0.13mm, test temp. —60°C)
B) Cycle (@) +650°Cx3h SR (unloaded at COD=0.18mm, test temp. —100°C)
Photo. 6. Comparison of crack tip at the fatigue precrack interrupted during COD test (HT80).
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F.C. : The tip of the fatigue precrack
' A) Cycle (2)+600°CX3h SR (COD=0.14mm, test temp. —60°C)
al B) Cycle (b) only. (COD=0.12mm, test temp. +20°C)

Photo. 7. Comparison of crack path at the tip of the fatigue precrack after COD test (HT80).

G.B? G.B. : Prior austenite grain boundary 1G.B
A) Cycle (2)+600°C x3h SR B) Cycle (a)+650°Cx3h SR

Photo, 8. Microphotographs of simulated HAZ with SR (HTS80).
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ZhHICHET B EELLNS.

(a) ABEEEDE: v vV —HERCIIHELSD
HEWL Sm/ s, COD BT lmm/ min TH%.

(b) WIRDHF X D% : COD R TIIHEH RIS H
W B DTURBFINZ & O IETEE v LIShiC X
LHiEfbdmboTn5s.

(c) HIEEDXE: v+ v —RERTIIHEBRE 2554
IS ET LA VF—Th s, COD HEr
TIREHFEEFTO COD Thob.

PR 2 7R S hPE Dy v e ~, COD fER DR
HEDOHFERD L 2T, EOZEDS bitskd bbb~
ESTHAHS. MELY ITEEIRITMO M 2 8= L
TISHIBET X DR A bR YIRES D5 24T, &
Db REE Kic EAENTHC EERBLT WS,
B L, BEREML L7 B8O 2 ERIC J53r -
TEEL O RFRERT 5 BHEEZETIIE 2hidzdic
COD R oS TIRFES R D L, Wiy v v
E—ilBR 3 VWUIRE2EH T2 2 Licin b, TOfERY
Y E—HEREPDHEEINS XD CODEIX XL 5
ZERARFINDTHAS5. La~L, Photo. 6, Photo.
7 %55 LEIRG0TORE L OFIERRLAT, 2o
X5 BEIRIEFHFTE L.

WIT, TEEOBHREZTARS 70T D=5
B OB R 2L v 1 2 — R Bk X O COD g%
* 650°C BESAITBEI RS UC A MR 2 S ndih T s . Chud

3.5 O v 7Y »BEEEC ISR TRIGOREVH#EATE DB
FEIOMBED TH 5 EEBALLNS .

NIRRT 5 L RD Z &35 (Fig. 9 5:484).

(a) ESEHRRER OFPR Tl I BEIRE I B HE
PR THD. MR A VF—BRIEELY &£ ST R
T ERE 2 B

(b) R AR OFEC T BERIRE T EE
B TH 5.

(c) WEEERERE L COD EBERE (K§CI3ET
BJIC COD 22 0.10mm % & AIEE & Liz) OFEEFHT
80 X9 HT60 oF k& <HETELRLLE.

ESBERMER o D v v v ¥ — EE(E & COD 0ER
5 D ARBE S B I AL SR D AEBE & AR OFERIT
BLEW. Thbb, v+ VE—BEEREEIC BN
THEERIMEESIRE (BEES b 5% & HiE) 11X
BTERLS, 2, BRADBEWHEIZEFDEITAS
V727, BRI & D ek B b, FlZIERK
JRORD TR D COD ¢hHspicxtlL, RET
13EY RO COD W72z &, Barsom OO Tk
BREEBIPE & LT Kic ZH Witk LAS Cl3fEE 10
mm® COD % & DTV % DI fEROMER E DES
75 HEBRVE C & 7.

AREROFERIC I S5 &, BBIMEAMRIC BT 5 Y v
W —EHEEE COD MOl RN 5. TF o i
WV E—BR LWEES OMBEE 25 kR SRR
i v E—HBIC R S EBE &R L ORI
ERWIC X\, ZERBIE T ORI ERIRE LR H IR
PR TH D EEZ DN TWE?, Fig. 9 gL bhbific
RMO=ZFEH CmmV Vv F o v L~ RER, HIN=
T EER S J 08 COD §BR) DFERRT L IHEERRE
DEIDTI .

—75, WREEBRE & EIEREEREEE (COD 2
0.10mm & 7 BEE) OEFIKAEL, I oBRHEOEN
MEHERE V. ZOREEEIET «+ — 77 » BT
BOOLNTWBO. DFE D, v v L —FEEE: COD o
FHBSVI L T ERIRE & M HER A EE DX X o F
DOEERFHGHRHAINSE. THICTR LT, FAEpkER
DOMBIT Y v 0 ¥ —EEEE & COD O FER» e Bk
DENERLD DEFREROREERGFENRZE L &
wkaz ey Fige 9 »OUHLATHS. LiziSorhe
EMEft U 7o APRC B A i i e 2 v 5 = &
DEETIE L S REEMOERAEC RS o mEE
BT OWMRHHARZ S5 C ESFEL RS, Th Tk
et LSRR DA D T 5 TR RS AT AR & Lok
G ROV F — (Vo VE BT IR ERE) RMERE L0

TF . WS 3 V¥ — DRI BRSO BB TR S h

53DTHBIDTHS5.
RSB JAFFE!D KXo TR D SN TS,
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HIES P ERO IS PR LS & piiR i 989

DIEHS . COFAEABROFRZ 25D THD
PEWEANZIIRD X 5 SHHEDARETH S 5. WAL
PE ZVERER AL U724 o fE i iR Tl iR 7 5
CHEWRL R 2 DESBIRE O T AW, Thi3H
FECE Z TR SL5AEE VIR BT S C & 0 BEBRSAEE IR
B liictlEml, »HERETRRXTHDTHHEL
THMAENhS., —5HiET — FOERRERG N SRR
FIIEERREST X T HIRETETS LT, &
& DEEIMT X 5 AT BT L TR RIBE (B
BE) o RFEBET 58, ZOEBEE O LFETN AR
BOFBELNZ LIRS, ¥ O1E, SEEHEEIE
£ & b7 5 DB & O HIFEEE 2L
LCHKRIBCELR LB THS.

5. & -]

HT60 35 X0 HT80 i@z o\ CIAEHIREY
A o VRS IR, S bic 600°C kXUt 650°C T
BESE L 720K (BRAM O 27 S RITERA -T2 5 720
A OV OWRIRERBSIOERTEX THD) T
OWT 2mmV oy FEERG &Rk X O
COD FABRZATIR D7 R O 245 7.

(1) HT80 @ 600°C Krgtith D v v & — i B {HE
FHLLABOUEBRERZE L, EBRERELT CIRRR R
LI DBERMIL(S RAL) LT TS Z & RR L7
fib DD JEHERERIZESBI T & D 7e.

(2) COD MBRTiaBERMIbA (S RIEEH) DR
MBS ERE (H&E LT COD 2% 0.10mm (275 %
ME) BT LA ERRREY A s vEEMorh X

DS OIRIRIC /R . BERIR ORI Ty v v e —
B2 RiF 751 EHE COD fEd Bu.

(3) v v VvE—EHEEL COD ORIC BT R R
BHERI DR O BN 2 OB O BTEERIRIE OFEE
BEEEKFECEORERRH 5. Lah>T, BEMK
{6 U 7oAt O SIS VI & & T BB & M o FE A&
CAEMEREORBR LT T ERFEL L 5.

AWFE 2 RITT 51T B 7> CTHIREENHE 2 TEV 72
MR HE TR DO HZEEREE 2, SHIRENA, HE
BEERCEMRLET. o, ERCH NI ERE
FHER IR L 27
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