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Effect of Silicon on Uniform Elongation of 1420 MPa Grade Steel Bar for Prestressed Concrete

Tomoyuki YOKOTA, Tetsuo SHIRAGA, Eiji Y AMASHITA and Shigeru MIZOGUCHI

Synopsis : Recent antiearthquake design is on the basis of ultimate state design which aims absorption of earthquake's energy by plastic deformation of
buildings. From this point of view, it is required that deformability of buildings' pile should be improved much more. Inside pile, steel bar for
prestressed concrete (PC-bar) is used for reinforcement. One of the main factors which affect deformability of the pile is uniform elongation
of PC-bar. Therefore it is pointed out that the PC-bar with high uniform elongation is indispensable. It is known that high uniform elongation
is attained by dual phase in the case of lower strength steels. But study which treats with high strength steels such as 1420 MPa grade PC-bar
is quite few. In this paper, we focus on Si and study the effect of Si on ductility of high strength steels. Finally we found that uniform elonga-

tion was improved to 5% by 3.5% Si addition. Improvement on uniform elongation by Si addition is mainly attributed to appearance of ferrite

and refinement of carbide.
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Table 1. Chemical compositions of steels used. (mass%)
(0] Si Mn P S Ti |B(ppm)
| Steel A1 031 1 0201072100061 0006 1| 002 18 0.035 47 800
| SteelB | 0,32 | 304 ] 073 1 0,006 | 0.006 | 0.02 20 0,020 39 920
[ SteelC ] 030 | 356 | 064 | 0.006 | 0,005 | 0.02 18 0,025 35 970
| SteelD 1 032 1 403 1 072 1 0,007 1 0.007 | 0.02 18 0,025 38 1030
Table 2. Conditions of heat treatment.
| Quench Temper
Heating Rate T1 Cooling Rate| Heating Rate T3 |Cooling Rate
(C/sec) () (Crsec) | (C/sec) &3] (‘C/sec)
| Steel A 282 900,930,960,990 163 304 360 60
| Steel B 331 020,1050.1080,1110 182 450 520 99
| Steel C 340 1050.1080.1110 188 468 540 104
| Steel D 344 1065,1090,1125 190 486 560 108
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Fig. 1. Pseudo binary equilibrium diagram of (Fe—0.3C—
0.7Mn)-Si obtained by Thermo-Calc.
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Fig. 2. Conditions of heat treatment for as quenched speci-
mens.
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Fig. 3. Effect of reheating temperature and Si content on

mechanical properties.
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Fig. 4. Optical micrographs of (a) Steel A reheated at 900°C, (b) Steel B reheated at 1050°C,.(c) Steel C reheated at 1080°C and

(d) Steel D reheated at 1065°C.
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Fig. 5. Effect of Si content on ferrite fraction.
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Fig. 6. Effect of ferrite fraction on uniform elongation.
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Fig. 8. TEM micrographs of (a) Steel A, (b) Steel B and (c) Steel D.
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Fig. 9. Effect of reheating temperature and Si content on
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X5zt EEIC BT B K DAl AWM A S 5 72012
TEM % FI\ CBI%L % 47 > 7. Fig. 813 Steel A, Steel BH &
Steel DD MEEIZ LS TEMEHETH S, ESIMTH S
Steel B % & O Steel D Tid, 7 APIRIZELR 10 nm FEEE DI
B B A BRAR D RAL A BRI S h . SEMIET

63

BIE X 1420MP2 L)L PC #ilfE 0> —RRIFONZ RIZ T SiDE

B xn ko h T ABERORIIIED 5 hkh 57z,
ML 7Y HFBICKBBEIIBWNTE, 7 ABRROREY
3FEET X 2 - =0T, Fig. 7ORHERIZN R T
FnwEEZ NS, R AEBERME L TEMIZ KD #
B L7k 2 A, Steel ATIIEBIRRILY, Steel BE XU
Steel D T3 MMERIR AL O ANBE Shz, INbH
HWTE7ZED4AXEEINCEDEELZEZA, BWThd
F3CHEEAH L TED, £X Y44 FThHDI &AHER
Xht, EBEREA—-ZAT A4 M, WThOBEREIZE
WT E ZDEREDESHERALT TH -7z,
3.2 EEBANEEHOIRABRER

Fig. 9= Steel A ¥ K UfSteel BOBEAN F MO —ARMT
2 RIET A NMBLEE O E A RT ., Steel A, Steel BL»
FhE, MBEGEESEL A VIAY — 27 F 4 PRaHKAL
LTCd, RO EL RITEI BN EPbh 5. Steel
BIZH T 900°CHIEL T — MU A KELS BT ED
3. 7254 FRRELTNSE D TH S, £721000°C
Ll FOMBGEEE T, Steel A & Steel BO—FRHNIIT & A
CREILTHBZLEbhb, 3- 1OEBERTRILEELD

63 I




$% & $8 Vol. 85 (1999) No. 1

12, BER L - Bl EO—R M ENTEI A5 23
L, —RMOIIRIETIHA — 27+ 4 PRFBROBET X
WEHHr X B,

4, EE

SiZm35% L LR35 Z &2k, 1420MPall ED 3|
RBETO—RBUBS%Y EIeBLRIE, ZheD
(ARSI 2 BRI A IS & % 20k INB, - AHIO KR TR
LT UHA M RIZT 254 bAKRGFELTHWBEZE, %
TBERUVILT VH A bDE Ay &4 b HBRGIERRIL LT
WRIZENME LR o7z, KETIZ, &AL
IZRIZTSIRMOEE, BIU—HBOIZRITTHERL
RAT VA FOMBHBOBEBIZIONWTERT S,
4.1 SHEBRACGECRIFITSIAMOEE

ERIBIEA N OMBI L RIFTRT & LT, ¥
@ TTA (Time—Temperature-Austenitization) ¥ ¥4 ¥ & V8B &
B - MRIRMEA Do h 3D, 22T, BEBENIK
EVEFEZOSNBZMRAMOTIARMIZ OV TE LS, &
FEBMBARTREN 2DV T, T RTOMEREN B TR
DT T4 b+5=54 MIRETH > 7-DT, TTAEMEA

DHEBIIWMHATE S,

ERIEBEAND & 5 1IC20RMEAAIOBE | ERREERX
i@ﬁ~27#4bﬁ“bhfécwﬁﬁﬁﬁﬁxﬁbf
T4 PBRFLR T AB, &< IZESiD Steel B, C,
DI PHIRRER E Ty — THEROEETH D | Steel A &
W8 LT, FHU A3 +100°CTE, F—Z2FF 4 b &7
74 POBHIAINLE-EHI/NINWEHIXhSE, 20
TZOMEDEEA — 2T F 4 b NDWERED BE) 11 50/ X
<, RIE #&hf&%z%hé F 7 EERED BREN f1 A3/
EN 5722 EITMA T, Steel B, C, D T SiDFENHE
®Vﬁ%ﬁrﬂbfké<%%%&ibfwézté%i
55,

ARG 203, s43Cizxt L TSiA 1.5%md 3 & . &
BMBADEEA — 27 F 4 MUAEET S22 L 28E LT
D, FHEEONRHREFROERTH S L VW25, B
5 DW= 8, 0.45%C-1.5%Si-0.8%Mn D Ae3 15 4 Ther-
mo-Calc IZ K DEIR T B L 805°CTh -7, 6 DWEIZ
LA, 900°C (=5Ae3 H +100°C) TDF — 2 7+ 1 b L%
MWEBEXZ6MWTHS. M- TIDGEE, SEIOEE K
LER S 5 — > D & 5 12905°C (=Ae3 £i +100°C) 7 5 7RV
BAL7BE, 7254 MIUFLEAERTFL CLWENWE &
XIS, T4555Si15%REORMEHIZHTIZ
=275 4 MUIZBHEI NS DD, Ae3 fi+100°C F2
JE & HISMEGEE & L 22 S Emavimic s w7 2 54
FARET D ETIZREL AW EELIORS,

AKBEIZB T D Steel BO K S IZSi% 3%RMUL 78 %
Ae3 i +100°C HIEIC BRI mMsAHIT 5 2 212k,

64

. L)%M){\

T UvHA4 PRIZT 254 FAREXEHEEIZhE T
2B D»5722LThHY, SHEN-EBELMRO—DT
»HBEWZ D,

4.2 —BHUICRIFTBRELIILTLHA FORERBARG
)7

4-2-1 —HRHCIZRIZTBERL LT V44 F O#ERA
?

VAT UHA MRISRETS 7254 MCBLTE, 7
DEMGENKREL B BIEE —RHBUNRAELI LD LS
L MBS 5 Z b o0, BRLVLT V¥4
P OIS R I ED LS I EA 5 2 30023
SEDL TGN, R EL RIETHRELY LT
YA FOMBRTFE LT, 87y FED, v a4
P, b U y 7 ZDENBLUREA - 2FF 4 F23d T
Enbd, FAIE Krauss IFMEEBR U &4 L 2R EMRE L
VLT YA DL - BEERECOWLTHE STV,
BERL~VILT V54 FOOTABELL, A — 2574
FPOTFHEL LAV 24 POUTABLEEIC K L8 LC
F7:, FESRBRLYLT V44 FHOOF A
FEILRDEACEFHHR IR ISIRE L, R LIRE S
B3 ELRBUVTAMTOOFTABILEDKR T HARERIZ L
5ZLEBBLTEYD, Z0Zlid, vAY A4 O
R MY v 7 20N EES— MO ETL I %
RL T3,

GRIOBRAT - B CTIIEHEA — 27+ 4 FETEEL T
BOE, 757y MEEEBLBRIZS B3I — 25 F
A MRAES—RRBCIZHELERIFL ChENI Eh 6, B
RLBEDE A 24 MERE, BXU= LY v 2 ZDER D
WEPIREWEDLELZ LN,

4:2:2 EAVEA FOBE

SIAMNZ &3 RO EICEEAEE4L RIFTL TS
X EA VOMBIZONWTERA2RASL, 22Tl
Krauss 8L T2 € 4 ¥ 24 FO5SBUZ L 2 O 4FE
LaEA 5. ZRATRELEES HIABET 28800
TAMLHEG L L TiE, AshbyDFEGROM X < ISR TWn
%, Ashby OMGRIIEEHIBED 7 M) » 2 A HVHES
CHGERRIVER ) 2 o MR AR TSI LIk, 20
REIZENAEA LN OTABET2 L0 S EFLTH
%,

L—078kG ﬂ R (1)
de Ve Vd
kD ER
G : MItE%E
b IIN—=H—=ZARZ PLDKEX
VAR J-Uisk, &3
d : BEBERE
ZOHERETIE, (HA256bH» 3 LS50 FAMBELE




do/de 3B S A BMMIZ BB AT HIEERELS R
2., ZZCHWBSE_MHELTEAVIL  VEERAD L,
Steel BDO X A ¥ & 4 M IZEEA 10 nm Kl & FEFIZHAMT
B0, ZOBRPDENT LEMD ITHALOTABLAD
EERB ST EZOND, Steel ADE XV H 4 MR
X 03 umBEDRH KR TH D, T ABELANDEHFS A
KNS ZIZ, BEBERRT AL FOREVESTH
270121, L URBELRTL A D —HREOHENEE
Z 5N 5, Steel Bld Steel AT NTHEER LIRE A&V
BEERLBENEL Ahud e v 24 MIEKEYT 5
2. SIOEIMZ k> CIhafflEhzZ E¥REEDT
LA -6 L, —HHUOEAELXEIHBREEL
WA b,
4-2-3 vy o ZADEMOPE

Steel A ¥ & U Steel BOERM % #7445 Z & 2 HIY
LT, XEFT4 777 b A= F—FHNTZINRThDC
Wi 1= 35 1 B TSR O 3528 0 & BIE L 72, Wilson D RS
Wk S TR TFEAZEL L AR, Steel A (Tl=
900°C, T3=360°C)A% 0.23%, Steel B (T1=1050°C, T3=
Mmaﬁon%?botoﬁ%htﬁ?é&@ﬁud,%
N O T RGO EL &N 55, A Steel BOHR
(PR A Steel AIZHNT/PNEWZ EWRBEINT, IO
Z L5, Steel BTIESteel AKD ¥ b Y w7 ZHEILL
THED, AV A4 P EOFEENKEL B> TERVE
TR AR O T AR 24 U - TREME S 5 5

Steel B DEENTZHE A Steel AIZHN TN OEBE LT,
Steel BOBER LIBEAS520°C £ W2 LA H T 6 h a4,
ZOBERTROENEESZNEIERI LAV I L
A5z AdL, EWESIORELERRE LREDSOER
B BEEEMEAE, Z0&S KV MY v 7 ADEMEER
OMZIZIN A, EERCSIRER & L 2BRORKRELHE T
DR THRED FEASIOFEIC L > TR LD Z L TRE
N3, 2hoOBERA—FHFOITHELRIFL TSI L
LEZONH, ZOMICEL IS HBRETAET 5.

5. ¥

ﬂlg

K LTIE, FIEM X 1420MPabl B, BERL VLT
V4 bR A TR E U2 PCHIRE D — BRI RIEY S
RIMOBEL RS L & {10, SIRMIC & 5 — MU L
DAH =X LIZDNTEEA T - 72, BONERKRIGLT

65

BEE3% X 1420MPa Bl -0 PC RN — RN RIT T SIOME

DBEDTH 5,

(1) BI3E% X 1420MPall kD PCHIFED — BRI T 1L,
SINELBRM-EMAL, 3.5%UEOTHMTS5.0%L E
2B &5,

(2) SIFME3.0% ETE, FUEmMHA - mHIL 72 PC
MEOBRELVLT VYHA bHICT7 274 P 2RO LR
7o BEANBE A A3 +100°0CE L&, 7274 b
SYEITSITRMBORME & ISR L, SiRME40%IC
BWT 7254 F3EIZ10%52BAL5. 51KR®MS
1420 MPa Ll_E D PCERIED —HEHUNE 7 = 7 4 P A RO
KizfE->THEEdT 5,

(3) 5BIEE®RZ 1420 MPa L |- PCHil#E D — R TN,
B UL V44 b OREMRIC e EIN D, SIOF
kD=L F 44 b Ol 2 v 24 b ISBHIERIRL
L. ZOMEHESKE a0 FABLRERERT 572010~
BEOSALT 3L HEINS, 2, SIOFMIZED?
FY oy 2 ADEMBEESRS LT A Y E 4+ EOBEE
NAEL D, BIEEDEMRIIHENIZOTABLLEZED
EER —RHUrEELTEEL D 5,

X 13

1) LS, AEEE, IR D 3y oY) — b LRGSR
HH, 9-2(1987),477

2) Y.Tomota and 1. Tamura: Tetsu-to-Hagané, 68 (1982), 1147.

3) K.Kurihara, Y.Hosoya and K .Nakaoka: Tetsu-to-Hagané, 68 (1982),
1195.

4) S.Hanai, K.Watanabe and K.Esaka: Tetsu-to-Hagané, 68 (1982),
1306.

5) Y.Tomota: CAMP-ISIJ, 8 (1995), 544.

6) JItami, K.Ushioda, M.Takahashi and Y.Sakuma: CAMP-ISIJ, 8
(1995), 552.

7) T.Yamada and S.Tagashira: CAMP-IS1J, 8 (1995), 560.

8) Y.Sakamoto, K.Sugimoto and O.Miyagawa: Tetsu-to-Hagané, 67
(1981), 2172.

9) T.Maki: Imono (J. Jpn. Foundarymen's Soc.), 65 (1993), 420.

10) Materiaux et Constructions, vol. 6-N-35, ed. by 9/RC Committee for
prestressing steels, (1973), 321.

11) ASM Handbook: vol.4 Heat Treating,164.

12) S.Hashimoto, T.Yamazaki and K.Hujita: Netsu Shori, 15(1975), 19.

13) T.Maki, K. Tsuzaki and I.Tamura: Tetsu-to-Hagané, 65 (1979), 515.

14) G.Krauss: 36th MWSP Conf. Proc., Vol. XXXII, ISS-AIME, Penn-
sylvania, (1995), 411.

15) S.Akazawa, S.Sugimoto, M.Umemoto and Y.Tomota: CAMP-ISIJ, 9
(1996), 439.

16) M.F.Ashby: Philos. Mag., 14 (1966), 1157.

17) Hi oM LML S VY, BARSEAM 2, AT,
(1975), 37.

18) A.R.Stokes and A.J.C.Wilson: Proc. Phys. Soc., 56 (1944), 174.

19) T.Kunitake: Tersu-to-Hagané, 54 (1968), 710.




