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Effects of Tempering, Prior-austenite Grain Size and Shape of
Test Specimen on the Delayed Fracture of Low-alloyed Steels

Synopsis:

Shinsaku MATSUYAMA

Effects of tempering condition, prior—austenite grain-size, and shape of test specimen on the behavior of
hydrogen-induced delayed fracture have been investigated for several low alloy steels for high strength bolt.
The main results are as follows; (1) The tempering at temperatures above 500°C improves the resistance to

delayed fracture, except for secondary hardenable steels.
Both steels with fine (ASTM 9-10) and coarse (ASTM 0—3) grains

the strain hardening behavior. (2)

This resistance depends on the strength level and

of prior-austenite have a tendency to be more susceptible to delayed fracture than these with medium grain

size (ASTM 4—5). (3)

The thinning of specimen width results in decreasing of the susceptibility to de-

layed fracture owing to the change of stress condition, from plain strain to plain stress.

(Received Apr. 27, 1971)
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Table I. Chemical composition.
Steel C Si | Mn P S | Cu . Ni | G Mo . Ti B
1 022 03 | 074 | 0015 0013 016 L 107 039 |
2 020 073 | 119 }] 0-016 0011 | 0-17 - 0-12 = 1-54 . 080
3 0-19 044 1445 | 0018 0012 | 013 007 05 | 0-0031
¢ 030 022 051 0020 - 0008 012 319 268 063 !
5 0-44 © 027 08 | 0011 001l 016 057 = 05 02l
6 039 028 | 071 { 0-007 0010 013 | 006 - 107
Table 2. Controlling of prior-austenite grain-sizes.
Steel Austenitizing Quenching Tempering :J Hgc | Grain size
900°C, 1hr OQ 300°C, 1hr WC 42-7 9:3
; (500°C, 1hr WQ) (36°8)
1 . 1100°C, 1hr OQ | 417 55
| (37°1)
. 1202°C, 1hr' 0OQ 405 2-5
4 ! (36°0)
850°C, 1hr OQ | 400°C, 1hr wQ I 456 9-7
. (550°C, 1 hr WC) » (36°7)
5 1100°C, 1hr OQ | 445 ; 37
: ﬁ (37°4) '
. 1200°C, 1hr OQ : i 447 : 0-0
: i 37°2) '
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Fig. 2. Crack propagation curves for steel 1, tempered at 300°C, in 0°IN HCIl, comparison
of applied stress levels (left), and steel 5, tempered at 400°C, comparison of specimen

widths (right).
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Fig. 4. The effect of tempering temperature on the behavior of delayed fracture for steel 1,
hydrogenated and plated specimens (T10).

— 96 —




=

»

ESSFHOBNMELSIETELEL, fi4—-A77+ 4 P HE, KBRABROEZE 399

DVx, FAEREFIE LT
FNENOMBEOBNBERE 2D £ LIBEI 2V
TEHTS L Fig. 5 X5k d. ZONOELFDH
BT WTFRAKERF v — 2 LEWIEEOUIKERTEX
TdH5.
—RRICIRREROMENE, KRRED & LEEEET D

350 T T T
Static bending strength
\ Steel
300 I 2. 3/4‘5 ?
€ 250 A\ e
S I~ Nk
_\? : \\ ‘:\
PN
= ~
g w00 0\ / /T/ —-/-%,‘A.P
@ o/'/ ’/ /'
2 150 /
h /4
5 /
T 100 ; S—
£ a 6/
£ \ // /
=z lv—--‘—{-r
50 -
|
Delayed fracture limit
0 ] 1 |

200 300 400 500 600
Tempering temperature (°C)

Fig. 5. The effect of tempering :temperature on the
static bending strength and the delayed
fracture limit of several low-alloyed steels.

300°C fhHimiCENBBERE O/ MEZ £ § SHHEMA &
5. R LEREFESI IO X > REFHETRIR .

FRERETIX400°C DT oRED & LTIRHIEEOKT &
LI BNEEIRER —BRCET L, EEED & LEER
THOLERTBZ 4L, E-UIRIE SRR D

LB TR ER L5, TRERT. 20X
AR D & LT, CREOBRBEERICKS XE
TEHERE, —RICHALN D REFZOWMC S X E T4
BrEs LTXRERTWE EEZLNED, KRKER
THHES O X SITENREEZ o RE WEE
b, MLt ESESTEI X HKERURZHOIMR
ERONESH B0, CEDYROLZEMITHT
52 ERTER .

i, EREFRR L THRREROVTITE500°CLL
LB N X e B ENEEIRE VI
3 & LIRRE 500°C DL EClERiFiaSIicigiEHELL
7y, HELELEELACHOWEXRINTAEBEST S
7o DI BNREIRE DT 5.

ThoDER %3 ERX CIetT 5 & Fig. 6(A) @
IS5 BMBEOMMIIELELT, WTFh OBEER 1Y
125 kg/ mm? DL B ClBNREEICBURIC L D, B 2D
DHEEVIKEF + — DRI O IR ELT 38 S 2 58
NEERE O CATERBEREILEVWS) THRLT
5.

DX HICERESLEDE LT ¥4 AT, B
NEEORFESBE L AVCEEELTWS T &
DR THE LD LN TN BHD™O,

1'0 |
()A\“\ZL (8) 7l .
4 ‘\ N 5 re
08 \ \\‘\“\j 7, /
Steel r“ ‘\\\‘ ,/? / Steel
) \ S ; 1
| ol [ | 2
06 2 n Y o lo ,l d 3
3 | YA ‘}\ ~No” o’ / II ’:/ ré
8 4 1 ; N am I/ ’ / 5
\Q S | 1 . T o 6
s s— A\ /I, |
[oX:3 'y 0y 14 7 a
N “\\ a K / / .
~w .
I Vol Ve
N ~e ~~10 a >
02 A~ a £—5
0
100 120 140 160 002 004 0086 008 010
&, (K3 /mm?) [
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Fig. 7. Effects of austenitizing temperature and tempering temperature on the delayed fracture curve
for steel 1, hydrogenated and plated specimens (T10).
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Photo. 1. Delayed fracture cracks along prior-austenite grain boundaries for steel 1,
hydrogenated specimen, austenitized for lhr at 1200°C, oil quenched and

tempered for lhr at 300°C.

Photo. 2. Delayed fracture cracks with swelling for
steel 5, hydrogenated specimen, austeni-
tized for lhr at 850°C, oil quenched and
tempered for lhr at 400°C.
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Photo. 3. Electron fractographs showing the apear-
ance of the delayed fracture area for
steel 1, hydrogenated specimens; (A)
900°C-1hr OQ, 300°C-lhr WC, (B)
1 100°C-1hr OQ, 300°C-lhr WC, and
(C) 1200°C-1hr OQ, 300°C-1hr WC.
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A x 3000 (5/11)

B : X 3000 (4/9)

Photo. 4. Electron fractographs showing the appear-
ance of the delayed fracture areas for steel
Ly (A) 1100°C-1hr OQ, 500°C-lhr WC,
and (B) 1200°C-ihr OQ, 500°C-1hr WC.
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Fig. 10. Effects of austenitizing temperatures on the
duration of crack propagation for steel 1;
comparison of notch root radii, hydroge-
nated and plated specimens, type T10 and
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Fig. 11. The relation of (A) static bending ratio
after and before hydrogenation, ¢ g, and
oo, or (B) the delayed fracture limit
ratio ¢ p/ ¢y, between prior-austenite grain
size; summarization of the results of Fig.
7, 8 and 9.
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Fig. 12. The effect of austenitizing temperature on the delayed fracture curve for steel 1,
specimen type T5, in 0-1N HCIL
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Fig. 13. The effects of austenitizing temperature on the delayed fracture curve for steel 1,
specimen type T2, in 0° 1N HCL
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A : %200(5/9) B : x100(5/7°5) C : x100(5/9)
Photo. 3. Delayed fracture cracks under notch root
of specimen for steel 1, in 0'1N HCI;
(A) 900°C~10min OQ, 300°C-1hr WC,
(B) 1100°C-10 min OQ, 300°C-1hr WC,
(C) 1200°C-10min OQ, 300°C-1hr WC.
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Photo. 6. Delayed fracture cracks at the extremity
of corrosion pit for steel 4, in 0'IN HCI,
austenitized for 10 min at 850°C, oil
quenched and tempered for lhr at 400°C.
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Fig. 14. The effect of austenitizing temperature on
the duration of crack propagation for steel
1, in 0'IN HCIl; (A) specimen type T5
and (B) T2. open circle; stage I (high
stress region) of delayed fracture curves of
Fig. 12 and 13, closed circle jy stage I (low
stress region) of same curves.
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Photo. 7. Electron fractographs showing the apear-
ance of the delayed fracture areas for
steel 1, in 0'1N HCl; (A) 900°C-10min
OQ, 300°C-1hr WG, and (B) 1100°G~
10 min OQ, 300°C-1hr WC.
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Fig. 16. Effects of austenitizing temperature and specimen width, W, on the delayed
fracture curve for steel 1, in 01N HCI.
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ed fracture curve for steel 5, Hrc 40-0.

WTHE LnERRO T XL, D

(1) —fEoBERELTFFEM Tk 500°C LLETHED &
Lafih X RBRmER & Cic <7508, Rk
DHLHEEOBETRELIEEWVERE CHEE L ESRT
NS ENaEMEEm B Lk v

(2) L»La»oslREIchEThE, 3EAL
EoMETH 125kg/ mm? DL | CEBRBEERCBURIT
5.

(3) BRUEREILE, ZWEHESRERIE
—FRDOU 0006 LITFTT L, T#E ORI IXERIYL
BtRM D B,

(4) 850°C 3 %\ i 900°C, 1100°C, 1200°C o>
3BYDA — A7 F A MURETHRE LIc=ADKNE
W TBIVEERIFE 2 SR, H 62U dKkEF
v — v LA BN AR A%, IR C bk T
HIET L, LLAPRMNE REFS4~5) TKEL
75 BIAMAERD bz, 7 01N HCl BEIT T3,
13 0 FRO R RN E TR RG2S E LB EmMBH D
Zhizdd LTEh 20 RIEFEBAEL LD TH S
ZENRED LR

(5) O0°'IN HCl 0 X 5B REDRWIRET TE,
BB RII TR OZELER L, &G EER RO Z
{LVIKFEF v — O DEE LFROKEOZIC L HFRT
RSN ERREBERE C » Mk X 5 BEE KT
I DAKEREENEZLET 5 3 OTH 52 EBRDLN
7=

(6) 400°C U To{EREED & LA TOENRHEESH
DHEEIA —AF F 4 PRRTBRIBEEHEE V. TcbihD
Zh & ENOOREBRIITESMEMEI T H 5 &
L, MROBESICENSOREIHMATLELESLS
BHBEEIND D, BRIFEZNORTIRSD S W
A ENODIIROF A — 2T F 4 PRI H I
FhoRMr LTRAELTIEZ LAV BIHEXRTH DO
LEZLND.

(7) HHREACIEBTBE L EOMEEOET & &

— 37 —



410 ‘ g% & M

B 58 ¢ (1972) 3 <

CH-RRENDOLAEL U BREDILEINES D
59, SOTEMAEROB L LLIT—RRAYAID
RFREDEMT D Z L DH 2 O5N50BARERED
&<, EhoRIEEMLEL D, fthEMET b3y
BELANNMLETFEML, X5 Eh oR4AWEHTD
HWREDSEMT 2D BREEAE LR TS &
NS ODOFRIIHELE L BET 530 THSH 0D
W Lo R R E CThibhENREMA M ET 530
LFEZHN5.

(8) HMEAFIE%E 10 mm~1 mm % 2 T BhRELE
FEEF 225, i I0mm 2 5mm TlikEx
WA, 2mm IS Wi T S v — Y v FHEE
DEEHEIN L, ENEEE h DRSS b i R
SNTRLL D, BhBERFGIAEL LS. CoEEH
BT EROFEATIERRANBLT 52DITIELDE%
AT 5. 61 ] mm OBEICITIE LA L EITES
JENGHIE D, IKEREROBABIERLE Lz <k
5.

1)
2)
3)
4)
5)
6)
7)

8)

9)

X B
HE, 132 JSSC (B &E\EEMEEHE) 6
(1970), No 52
W4, FEE: #EEE R and D, 18(1968) 3,
p- 93
&, Bl £AEIT, 10(1969) 3, p. 73
B s L83, 55(1969) 2, p. 151
BE, &4 JSSC, 5(1969) 48, p. 7
V. J. Corangero, M. S. FErGguson: Corrosion,
25(1969) 12, p. 509
H. H. Jounsow, J. G. MorLET, and 4. R.
Troiano: Trans. AIME, 212(1958), p. 528
B. V. WartEsoN, A. PHiLLirs, V. KerLins, and
R. A. Raweg: Electron Fractography,(1968),
p. 151, [ASTM, STP436]
R.P.M. Proctor and H. W. Paxton: Trans.
ASM, 62(1969), p. 989

— 38 —



