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Effect of Si and Ca Addition on Delayed Fracture of High-strength Steels

Kenichi Taxai, Jun-ichi Sexi, Etichi Saxrra and Kouichi Takavama

Synopsis :

Effects of Si and Ca addition on delayed fracture of medium carbon steels with 1400N/mm? strength were investigated.

Silicon and calcium were added at concentrations of 0~2.09% and 30~70ppm, respectively. The delayed fracture
characteristics were evaluated by FIP (Fédération Internationale de la Précontrainte) test which is a constant tensile
load test in 20% NH,SCN solution at 323 K. In order to make clear the effect of adding Ca and Si, the fracture surfaces
were examined , and the hydrogen evolution behavior, the diffusion coefficient of hydrogen, and the hydrogen content
were measured. It was found that 0.59%Si steels have no effect on the time to fracture regardless of Ca content, while
1.5%Si-30ppm Ca steel has the longest time to fracture. Fractography showed that adding Ca to 0.5%S:i steels did not

change the intergranular fracture area fraction.

However, adding Ca to 1.5%Si steels changed the fracture from

intergranular fracture to microvoid coalescence fracture. As for hydrogen behavior after three months from FIP test,
0.5%Si steel released hydrogen at the peak of 500 K, while for the 1.5%Si-30ppm Ca steel the peak was at 700 K. It
was suggested that hydrogen released at around 500 K was crucial for delayed fracture characteristics.
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Table 1. Chemical composition of steels (mass%).

Steel C Si Mn P S Ca 0
A 0.30 0.03 0.77 0.011 | 0.004 — 0.0036
B 0.31 0.48 0.79 0.011 | 0.004 — 0.0018
C 0.28 0.47 0.78 0.011 | 0.003 { 0.0028 | 0.0026
D 0.30 0.43 0.75 0.010 | 0.003 | 0.0068 | 0.0026
E 0.31 0.96 0.77 0.011 0.002 — 0.0014
F 0.32 1.48 0.81 0.007 | 0.003 — 0.0008
G 0.28 1.44 0.82 0.008 | 0.003 | 0.0025 | 0.0023
H 0.29 1.37 0.80 0.008 | 0.003 | 0.0071 | 0.0019
1 0.31 1.94 0.81 0.009 | 0.003 — 0.0016

Table 2. Heat treatment temperature and tensile
strength of steels.

Steel | Quenching temp/K | Tempering temp./K |Tensile strength N/mm®
A 1163 553 1392
B 1163 613 1358
C 1163 593 1401
D 1163 563 1442
E 1213 633 1421
F 1238 653 1401
G 1238 633 1411
H 1238 643 1372
I 1263 653 1397
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Fig.1. Effect of Si addition on delayed fracture
susceptibility in FIP test. Applied loads are 0.6
and 0.705%.
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Fig.3. Effect of Ca addition on 0.5% and 1.5% Si

steels on delayed fracture susceptibility in
FIP test. Applied load is 0.70%.

R W12 & 7 DRI > v oD T25k VAR RN E T BEK
$ETHT - 12, Fig. 4 CSIEMEBMBOBEE £~ 7T, SiedE &
oS (ASH) L0.5%Sif (BSR) 3w TIIBRBT DRSS
WL AROLEORE L SIHA—2 T+ 4 PRFREIN
(1G) »EEsNns, 1.5%SitH (Fi#) 23 v TIXESE
T2 LRRENTH 2 2L TIREE~ SBAEIN(QC)
PBEIND, 2.09%SiHH (M) =7 5 LRSI T b#EE~ S
gl A LN, BOETRIZEAEE~SRAEINL L
Tw 3 U EOBEBEOME G, SIREHL TV LK
EHEF T2 RSN CE~SBRIINCRITTAI L

A (0%Si) B (0.5%Si)

P gt

Initiation

F (1.5%8Si) 1 (2.0%Si)

Fig.4. Scanning electron micrographs of fracture surface of specimens added various Si content.
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Fig.5. Scanning electron micrograghs of fracture surface of 1.5% Si steels added various Ca content.
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Fig.6. Scanning electron micrograghs of fracture
surface of 0.5%Si-30ppmCa steel (steel C).

70

Fig. 8 \=Caifiniz & 2 BB D EAL % /RT.,0.5%SifH T
Cailsin L T bR A BN OB E TR ED 67, 1.5%SifHT
Calidiniz & b WA BN OB E LA L T 5, Si, Ca
WM X 2R DOEANBIELA =2 LT, CaDMFE
YR REHIEMER I X 3 W RMnS » & BRIkCaS~D &ALy %
2 6N5 , EECaliinic & 2B CAMOSEHER L L
TUTOLICEL T3, CaR2iBEML 2 CETIX, 2
MEGEIEETH 5 SiBA —2 7 F4 b (v) fHIZF - TMnS
DIEE LR REAT L, B & 2 By bk b MnSIiZkrFiC
GFET 5, L, Ca®2@fdin L 7ol CIlE sl TR E L ERIK
DCaSHHT 272D MnSHAE U2 { {, 3 ZULKRDEREL
REEVECTIIEEE— FOBE»ELC s 720 LHEL
Tvb, T4bb, Si, CaOEATRMI & 558 UBEEHE
DOEIES, BEEEORERY? GHFLET S L, LEOEHIZL
bR DAEA N HIEIL S SRR B D GRINE LSBT L

® 50
~ 1G

Q

£ a0 /

£

[ }] L

5 30

B

(]

- 20r

o]

2 Qc
=
(1]

2 & ® : , .

< % 05 1.0 1.5 2.0 2.5

Si content / %

Fig.7. Relationship between area ratio of fracture
mode in FIP test and Si content.



® 50 IG(0.5%Si_steels)
3
40!t
o 40, IG(1.5%Si steels)
e
5 30}
©
o
- 20f
[}
o
5 10
(12
N
< "0 20 40 60 80 100

Ca content / ppm

Fig.8. Relationship between area ratio of fracture

mode and Ca content on 0.59 and 159 Si
steels in FIP test.

Tele LIEEEI NS,
3.3 KRNHAEFREICKIZTTSI, Calxnongs

BWROMEE NV BOUESRE P AET 5 —EETDH S 2

EATHIEI L 30 TER® 6 L, —F, Griffith® B S MAX
TREINS & 5 CHIEDO N £ /KRER T IZFEHN L BIfR L
HHEDT, RIKKEOEHFOFE» L bMRaFT 5L EL
2o

i IR PCAMAE & IRk e LK D0 .5% Sish (BS) B UV #UBl
B HTREBRY L2 1R L 721.5%Si-30ppmCasii (G#) D7k
iR ¥ 2 W F nFig. 9, Fig.10t2/RT . FIPRER T
Wy L 72 EBRDF > 7 ORFRIERR T, £ 6 DT
b 500K 2 ¥ — 2 £ L370~620K DB R (2 1E»Y 5 1L
PH Y, I OIRERETH S 0L s /KRR KR ER
B RIF3T/KRE L F 2 60 5,Suzuki 621, 51R#R S 1147
N/mm?DF v b OARE KRR 2 4T L, 420K 20 ¥ —
ZREBRIIBCTENAKRRTH-> TR IEREY
BIEL, 600KMHED Y —213, Bt THILV S
vy PEANIIKRETH Y, BUIECHELPRFS v ER
RT 5,3 72Lee LODHERII D W TSI X UL, 385
KMHED ¥ — 2 3R H 6 i 8 L5 KK, 488KfHED ¥
— 27 BRI O H S B KER, STBKIHED Y — 2123 2
nRA N LRI NsKETHS LEREL T 5, [FEk
\CBLBH 6203484 ~531KD ¥ — 2 X8 b L (R 2Ly
G RO 3 Bk, 597~ 650K D ¥ — 2 I3 HT b 6 i H 3
NIKRETHZ LREL TV B, N6 DOWED GRS
% L FIPEERTHENT L 712 BR DY > 7" v d2 6370 ~620K T I
Ha Nl T, RIR, L, RFELEY R 3
KELEZLNS,

Fig. 9 {2 3 X 5120.5%Sié (Bf) % FIPHER T ikl
PR kAN T3 AKET 5 L, KREBRT G
TOD500KFED € — 27 DRFIGFEHA LT3 5D
DEIRZ DIBEHRIZEE LT 5, L LFiglOiiRmT £ 5

7

SR S O I N L R TSI, CaEARMORE 660

< 10
‘o 8

- immediately after FIP
- test fracture

z 9

‘@

[=

g 4

£ three months after FIP
© test fracture

= 2

o -

Q

o / o
(7] 0 . : T

300 500 700 900 1100

Temperature / K

Fig.9. Hydrogen release curves during continuous
heating of steel B measured immediately and
three months after FIP test fracture.

< 10

‘o 8f

- immediately after FIP

test fracture

> 9§

®

(=

e 4

£ three months after FIP

S test fracture

£ 7

g /s ¢ ST S e—

(7] 0== — - |
300 500 700 900 1100

Temperature / K

Fig.10. Hydrogen release curves during continuous
heating of steel G measured immediately
and three months after FIP test fracture.

121.5%Si-30ppmCashl (G#) Tix, I DIREEIIARRIXIKR
T, 600KLLEOKREELT NI o773 0Twv 5, LI E
DR D G, 0.5%SisH (BH#A) IZ500KfHED & — 2~ DIKEK,
T b bR, iR, FFZEILEFCEE YV EUBRCERY
W RIFTTRELPEREI®RPRPT VLV 25, —7,1.5%Si-
30ppmCasil (G#) X ERE Y FUX T /KRR 2 inicit L2
F ¢, 600KV EDAK, T b bttt EWECLS
v PINBENHECHELP RIZI AR LE LTRET S
ZrrEwons, Lk, Si, CaOBARIIN & 5 BNk
R ORI, S00KfHEX €—2 b L TR a7K
HErRBIPLCILYBEBLTVS LHEEIND,
3.4 XFLBFBEHRUCKREERICRIZTTS, Cafikmo
-7 , '
AFRCT TR IAvmELr—E L LI, KK



W 690

#% & £ Vol. 79(1993) No. 6

DM7 v IR E L TR IR EE 2O IE—E L
WEINL, LIchi->T, ARFEERIC X 5 /KRFIESRE K
XEAEOHME - L 2 2R, MEHPR=A270xR 4 NiC
MEBINZ DL TFHEINS,

0.5%Si#A &1 .5%Sigli-Caziim L7z L 3 O/KRFEILHEL
HRE e 6 MR EEBAROELY 2 FFigll, Fig.1242
RT . FigllizA 3 & 5120.5%SidiicCa® @i L 12354,
IRFRWEBRBE A CKREEFRIZ L LT 525, Cad'ld
Fhommans LAREEFREIMENT 5, 22X L, 1.5%
SiffizCaZmin L1284, Figl2iomT & 5 C/KRFRILEUR
BixmL, KEFEFEZWDL LT 5, CarBBEIZL 5
ERFIBARE LA U, KFEEFERIHMT 5 @A b
%, ¥FiZFig.ll, Fig.120HT1.5%Si-30ppmCa#i (G#)
BIRFRIBRBD KT, KEEFRVELTHH I L
A Lhb,

30

1
-—h
O,

2.0

]

1.0

Hydrogen content C,/ ppm

10620 206 60 80
Ca content / ppm

Diffusion coefficient of hydrogen, D / cm’s

Fig.11. Effect of Ca addition on diffusion coefficient
of hydrogen and hydrogen content at 298K
on 0.59% Si steels.

-
(o}

-

Hydrogen content C,/ ppm

-—h
O,
fo it

Diffusion coefficient of hydrogen, D / cm’s’’

20 40 60 80
Ca content/ ppm

Fig.12. Effect of Ca addition on diffusion coefficient
of hydrogen and hydrogen content at 298K
on 1.59§ Si steels.

72

Z2 2T, FROFER LRI DRIKRER AR 2 8
T THET 5, 1.5%Si-30ppmCasid (G#i) 120.5%SisH
(B#) b=, BB THET S 2 /KFBH P BEA LIS
A, REFTHKE L T LR LB ok Bg
PRIZTARFEZZREI P LR D oL, 2
1.5%Si-30ppmCa#ii (G#H) »%0.5%Sish (BSH) & Hoik L
IRBILBAREKR S {, REEFEV DL OERL 2T
5, Tbb, Si, CaOEAEMIC & 2 BNBEER DM
Fix, KEEFROWIVRS(HEELTVELEHFLOLN
%,

35 EnBESMICRIZTXERF

D ED#RL Y, Si, CaoBEARMIC & 5 B skt
DERL, BROEAN LAKROEFHOWHE ZERT 5 2
EDTHH G DI o 72, 1.5%Si-30ppmCadi (GHR) T& b &
NI ENBSEEE TR O Nz HT, I NIXSE, Cad@ERM
LE VT VBREESEMT A2, RPKEEEE
PPRALTEILYVEELERTH 5 LHWTC s 3, —7,
G- le~SiRE D 72 0.5%Si-30ppmCadil (CHH) =2\
T z2iE, KREEARBELT 55, 74 2 vBE R
B, i THRZMES?HITHT 5 2 EHERRAT,
BEREOUGE IR L v LR T S 5,

B ¥, RBDFLRRE, KRELERER I KREEFRS
DKBEOEFNNEREEDL S CHEBL TV 32RA
MThb, SBROBELRFEL L THR3INI,

4. w8

BENIERHEOEN o ESa OB R 2 HEZC, Si, Ca
DEAEBM TR R DS MLLREOEH X2 buo—
NFTBILERRAI, 361, ZOAI=RAIZOCTHE
B LRROEFHOME» GRE L, LLTORMRA»ES
e,

(1)SiBMAINT 5 L &, SiEHYEINT 52 LI2HT™> TFIP
AERBEMrRERE IR L, BhUERERm b 5,

(2)0.59%SifiizCa®ifisin L T b FIPRERBE R I 2 AL
LZew, Lae L, 1.59%SidlicCa% 30ppmifin L7281C 2,
BN TR L E L, Si, Cad#EATRMEhED
B 6t

(3)SIHMIBIMDF A, SIREOW M L b Iev, FIPRE
& AR RSN D G SBT3,
Si, CaDEAWMDIBA, CaBOWIN bt b v, BRE
N 6T 4 o INVEINIEITT B,

(4)Si, CaoFEAWM & 2 Biugisitom b»3F L
\1.5%Si-30ppmCaffiiz 35\ T, #ld D/KEILEPE
CEREL BRI T500KMEo Y —2 E LTHRIBE A KE
L0, AEWEC L T v 7S NI600KL FOE BB
BOLLR B TRECHLET 5,

(5) ENBHIEREOm E23E L ~1.5%Si~30ppmCaifiiZ,



AE@&%H@*T*%%%%&%W%f,

RFEHRC,
BATH 5,

ﬁbbL,$mi%i&®5ubtbfﬁﬁTéviL
7RMARFEEEEBIR R E#H LT,

10)

X

T.Fyjita and Y.Yamada -
WIEZ, BE¥EE, BaRdE—,

(1980), p.1101

C.R.Weymuller : Metal Progress, 87 (1965), p.112

B L ASTE AR, RMBI9RASE), (1968),

X EFF A ]

EHEZ e 40 (1991), p.663

FH®, TREE, =AKERE, G6M0W, BEEK 2L,

64 (1978), p.1538

MR, IAERER, EHEL C BERILEESE, (199D, p8l

WA —, SREE, WWD¥ET  PiEsm, 29 (1980), p.330

RLEE B OUE, (1989), p.87 [B Tl LEHrR4t]

G.J.McMahon, K.Yoshino and H.C.Feng : NACE-5, (1977),

[

NACE-5, (1977), p.736
KiRfE—, HIRMUER : 448 29

p.220 [#K

73

11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)

22)
23)

TR RS D B NBHEEE S RUE TSI, CaD#ATMOR

p.649

G.J.McMahon, C.L.Briant and S.K.Banerji :
ICF-4, (1977), p.363
HILFHE, SR,

692

Fédération Internationale de la Précontrainte : Report on
Prestressing Steel 5, (1980) Sep., p.l

RIKFEFR, WTHRAE, O K, s48%, BEH &, 32
(1982), p.222

FIRIUAR, WIZEZ © B, 24 (1975), p.365

HIRURR, EEEZHE, WIZEZ C BFESM, 24 (1975), p.bll

KIRE, K % BAREBFESE, 47 (1983), p.807
N.Suzuki, T.Miyagawa, S.Gotoh and T.Takahashi:

Journal International, (1986) Nov., p.36

Fracture 1977

B NBETE, /MROBL SR, 63(1991), p.

Wire

W.Y.Choo and JAI Young Lee : Metall. Trans. A, 13A (1982),
p.135
HEEE, AR &, KEEZ, BILBCR, BLEE D BARSRE

2k, 51 (1987), p.174

g —, bR, Wb i I BEEER, 6(1974), p.324
PARFTH, M Ll BAERERE, 51 (1987), p.24
WA —, mEEE, K¥—R &8, 30 (1981), p.133

691 A



