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Precipitation Behavior of Boron in High Strength Steel

Seiichi WATANABE and Hiroo OHTANI

Synopsis:

The hardenability of boron steel is affected by the precipitation behavior of boron. Precipitates in
the boron containing steel were studied by extraction replica technique at successive manufacturing
steps from hot rolling to heat treatment.

When steels are hot-rolled after heating at 1300°C for 1 hr, changes of boron precipitates with the
cooling rate after hot rolling are as follows:

1)  When steels are water quenched (cooling rate of 90 000°C/min) after hot rolling, no precipitates

can be observed on y grain boundaries,

2) When steels are air cooled (cooling rate of 300°C/min) after hot rolling, boron nitride precipi-

i tates on 7 grain boundary region.

3) When steels are furnace cooled (cooling rate of 0.67°C/min) after hot rolling, AIN grows
radially from BN which has prec1p1tatcd before the nucleation of AIN. AIN formed on BN in
furnace cooling is dendritic.

By reheating, at a rate of 15°C/min, a specimen which has been water quenched after hot rolling
(above mentioned -as 1), the following boron precipitates appear depending upon the temperature
range:

1) Below 880°C, M,,(CB)¢ precipitates anl coagulates on prior grain ‘boundaries.

2) Above 900°C and below about 1000°C, BN appears on prior grain boundary region which has

been previously occupied by My3(G, B)g. M,y3(C, B)g. is no longer observed at this stage.
~3) Heating around 1000°C, AIN which is not dendritic but acicular grows radially from BN. The
' size of BN diminishes with growth.of acicular AIN,
The formation of AIN on BN is interpreted gs a transit from the non-equilibrium to equilibrium state
in AI-B-N. System in-steels. . 'Q

According to Pease, BN .(hexagonal close packed) has the same crystal structure as that of graphite.
Because BN in-§teels was reveaiqd to have spherulite morphology such as spherical graphite, it is
considered that {00.1] axes of BN. are arranged in radial fashion and (00.1) planes are perpendicular
to them, by an analogy to the crystal arrangement of spherical graphite. As the growth direction of
AIN is [00.1];n, it is considered that an orientation relationship of (00.1)gy//(00. I)Am is satisfied
when AIN grows on BN.
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Table 1. Chemical compositions of materials (wt%5).

Steel C |si|Mn|l P| s | c|N| C | Mo { v i il | N
B DR ‘
X ]0.11]0.29|0.85|0.009 0.008 0.25 | 1.02 | 0.39 | 0.46 | 0.03 = 0.074 | 0.0025 | 0.0107}
Y | 0.004<0.01/<0.01} 0.002| 0.005| 0.02 |<0.01/<0.01 |<0.01 '<0.01 {<0.001 | 0.0096 | 0.0326

B D AR G ATV G b il AR X D THRE L oo
WHHY, FHEORLETR L OBEI 5 W ST
WO FIIEmDTENTHS. FLBNRIWLS>rREE
LEEREERRE T2 LXHMBNRTWER, fHduc4 ik
3% B NIT OV TR E & b R 7o Bl A v,

AIMAVE, ERE-BULERIT Wi AR TRPD B O
EHPEBHOWAEATELTVWAZLEEELT, &
RSO ABLE TIRIC KT 5 BIFtHmaE i v 7)) vk
WEDTHET L2351, BNOFESHSESX RN
1t BNOBRICOWTEE LA DDTH 5.

2. R B A &

HERM LSRR E Table 1 wR3. $ X ik Cu-
Ni-Cr-Mo-V-0.0025% B -0.0107% N iz 80 kg/
mm? EEIENNE MY E Fe-0.0096% B -0.0326%
NTH5. X3 BOWHBECE XIET EIENFMEE
BIWEEZEOGEEEOFEZMD /D, 1300 Xk
OY1000°C iz lhr fpZh L, #RE 30—=>5mm ¥ CHIEEL
72Db, K&, EHDLVIZES Lic. BINEE RS
EERI TS OHEEEH T 90000, 300 & X U0.67
°C/min TH5. EEFHKE LB 2w Tix 15°C
/ min OHNEGEE CHEINEL L, FTE DIRE D HKE Lic.
§AY X 1300°C iz lhr Jp#h L CHsdfs, =8 L.
NEDREBE LI L 7 ) BRBERLT, IMREE
100kV OFFIABSEIC I > THHmZ L.

3. & 2

3.1 EEFRODBOHHEES

1300°C iz thr inZhigELE L, 800°C 7 5224 L7589
Xt v 7Y #5E% Photo. 1 1z7d. SFHRIC
ATENT O EFHREER Y o Z OE RS, SO mHRE
faz kDD EBNLELREETE DO, BNIZEIWLS D
DRI DEEREEPTFET 525, Photo. 1 5 535RKDIEH
M@ PEASEIO XS TR INAFEAFHED BN
W—F§5. PeasE THEFO BN 25 TEkr>
7oh%, FEBRITEWTD, BEEFKL LToRE & -
R T 50 —Fld o, 1300°C iz lhr ip#h4 3
EHXOHEMRTIX Al, BRXUNIISELZEIBT 5,

BN

Photo. 1. Precipitates in steel X air cooled from

800°C after heating at 1 300°C for Ihr
and hot rolling. Diffraction rings show
precipitates BN.
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BEBERZEXTBN AR T S0 EEXLND. 7 i
TR O THH T 27200550, FRETHHL
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Photo. 2. Precipitates in steel X furnace cooled’
from 800°C after heating at 1300°C-
for lhr and hot rolling.
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1300°C iz lhr jin#k UCELEH, 800°C 7 BiFwm L
XD L) HFEE%E Photo. 2 1IRT. BRIKKT
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Lh5DT, Al RNEEE LAY, BiBRe4z T B
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Photo. 3. Precipitates in steel X furnace cooled
from 800°C after heating at 1 300°C
for 1hr and hot rolling.

AIN grows radially on BN. AIN obse-
rved in Photo. 2 and 3 is dendritic.
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Photo. 4. Precipitates in steel X water quenched
© * ‘from 800°C after heating at 1000°C

for 1hr and hot rolling.

V7Y HOEIESE % Photo. 4 1R LD AIN
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WZ LA B9,
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1300°C iz lhr {RFE UTEESZKS Lz X %, &
A6 15°C / min OIBGEE THER L L & D, By
HR_ED D% % DT ic~4. Photo. 5 1% 880°C
FCIMEMEAH LB oM L) »FECHS. |H
T RLR BT My (C, B)s & [RZE T & BH7HIASTH L19?
M, FADE 224 ME oy PICEBLTH Z b
5. XD Ac, St 880°C X h 22EV DT, Tl
ribLTky, AR X 2Tw T 44 PLEREL
T3, Myu(CB)e BHEGES o [REHTHIEL, 880
°C FTHIEL T bREEOETEEHE AL NS, Fic
Photo. 5T 2 B NizfllZz & gy, 930°C & Thngh Lok
WL o v Y 5 FE % Photo. 6 553. Photo.
S O HMEIE r B RE I HEMBALS S LTw5
DT xf L, Photo. 6 D FNITHECIA 7 FLFICIBDTH
HWLTws., BFEEFY 2k ) BNERE .
F7m Ma(CB)g 13 BT RED Lvin .

B, N, C KX Al 2fEE LciRETHAR 3
TEWET 5 &, MBGET o IBEETIH r R
5D My (CB)s Tdh h BNTIR . My (CB)sld,
TR r{E LTHELICEE Uiy, 900°C LA % <hn
2y 2 &, Myu(CB)s IXEH L, BNMARKT 5. BN
MHET B Site #1585 700 T X BB R F O IAES L
%c‘_‘%‘i%hb I\’123(‘3B)6 PHEBNMBERTEA =
RALDWTRE SEFMLRGFTLLETHD.

S HIEIRED 1000°C % C¢h#sd 5 & Photo. 7 (T
RTXSKBNRS AIN B4R T 5. FNEFIZBN

e // ( i?)\\\:;\
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Photo. 5. Precipitates in steel X reheated at 880°C
after heating at 1300°C for lhr, hot rol-
ling and water quenching. M,;(CB)g
forms on prior 7 grain boundary region.
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Photo. 6. Precipitates in steel X reheated at 930°C
after heating at 1300°C for lhr, hot rol-
ling and water quenching. BN forms on
prior y grain boundary region.
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Photo. 7.

Pleupxtates in steel X reheated at 1000°C after heanng at 1300 C for 1lhr,

hot rolling and water quenching. Acicular AIN grows on BN.

Photo. 8. BN in steel Y.
BN has spherulite structure such as sphe-
rical graphite in iron.

LAk T AN B TR < ik TH 5. $Hk AIN
DEEFEEPRELV X X AEESYEL, FLr—
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MY &\ CHEIZ L7z, Photo. 8 I0§RY it ik X% B
NZRYT. X ON5BNID kX RELTW
50T, Wik EEZ L3 \v>. Photo. 8 iz X i,
BOR B NI3 % < O FhHA RS A 5B 0 rhutad> S 54N ik
B LS L o Tvd. Zhiiggkrhomkik 245
WWHELLZETH D, ZoffEolc BNOEFHE
RIS EMIFEORITY v Stk b 2 E 250 5.

i B =

REBROZLTRICFEED N B s £ 20T,
Fig. 1 itird. XPIEDOLNAZBHHEMIIBNEX
Ot Mp(CB)s Th 5. :

PEASEIO3HH 505 L7cmBEASEEDO BN, Bk
FONEREF 2 Rccf@BRC L ERHE L, £BOM
tE Van der Waals JJ TS L7 BN IRl U2 £ i
EWERALTWS. $icARd 5 BNXEFHENC X
D TR 2 TERRE A BT UC, Lo BERICEM LA
S EZAETSBNER U CHS. X5 Photo. 842
XhiE, S@dic vt B NIZERIK RS & 7 U Spherulite
DETHEET D EH L HBNS. MorrogH 5B LhlE
IR BT, BREAFETO ClpSEROERF BN gt
KicHFEL, 00.DmEMBINICEAFMICEIT 555
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heating rate:15%/min

Fig. L.

(00 gy # (00 an

Fig. 2. Schematic representation of spherical BN.

The orientation relationship (00.1) g/
(00.1) oy exist between BN and AIN when
AIN grows radially on BN.

R THDETRLTVS. FHROBNL ZHICEHD L
ELFELOLNRE. $habb Fig. 2 KiRT X5, B
N [00.1] #hasfshikicfi4E L (00. 1) gy EAZTHUT
BEACEALTYVWS EE2bN5.

reheating

Schematic illustration of precipitation behavior of boron in the manufucturing process.

BN Eiz AIN #5434 58, AN OpkEHavk

3-1 b ~m X 5 AIN o [00.1] BhE@iso T
(00.1)pnf/(00.1) a1n
ORRER TR EZELLNS.

%5 1 DOBHTHI Myu(CB)s ¥, BRI C EF
ZENESERANIE, BSER 7 « 54 MEERT
Bohs., ZOLEFTRBNRBREDLNAL» DR aifl
iz s BN X0 My (CB)g 04K EE T v
F—TIRD LN TWEVDT, b AL D ZeEdr Il
LEEV. 7{BEMTIEIBNIzoWCiX
CrpMAN'Y DK ER(E, My (CB)g i DWTIRESER 18
RODFHENHD. MEL LT 5 & BNDFBLE
ThHY, rAERCEIHEERBERE—FT 5.

a IREE I 351) 5 BT O 2 it 4 558, B
IREBIT 38V 5 BRI MK S DAL E B R EAR s 2 1T 7%
SUEMRHD. Tibb My(CB)s dFFHIC IV TIRM
FBF (XL LT Fe) BbT» tORFMBELLE LD
T My(CB)g ORTFEINC—FTHDTFe[fFDE
TR DIREL I L Tkt L, BNz Fe [RFIE
BBELEWEEZEZSNRSDC, BNOERER X CEE
DAR—ARE L0 Fe BEFOEHRBEOIEER b
HIFhIER S, ZORHEWIBER T M (CB),
BEEPITE T E2E 2005, Lk LaBERCE
35 Mu(CB)s OBBREFIIELATWEWOT, i
KRBT alBERIZIH VT My (CB)s & BN o b5
X DEEIR UV

BBy (>1150°C) HEIET % & BEAMEDE
TT590. AEROBONHEEFHILORZE L <%t

FounTaiN and

— 80 —



EENERO K e o HEBIIC S WL 1857

100 -
=@~
Steel A31 AT e,
4 N,
<sol BOOONY% N
= N 00100% /- R
‘e \
o60l / A
2 / AN
Luor / ¢
g #
20+ 27 Teahwa - 930t x1.7V—5 500t x505CWQ
e
el S N TR N NN SN N N S|

1250 1200 %50 MO0 1050 1000 950 900 850 As forged
ist step quenching temperature T (° )

Fig. 3. Influence of Ist step quenching temperature
T upon the following hardenability of steel
A3l. The hardenability was evaluated by the
amount of transformed bainite in isothermal
holding at 500°C; 1i.e. austenite at 500°C
transformed to martensite after quenching
from 500°C.

JGH32K . Fisbb, 1By MR BITHMAHTH Lok
BRITEAMSMET LTV 5REETH 5. Fig. 3 3k
7) OB/ LIzbDTHBD. $EHEMENEE 1200°C &
L7co®ic, RED T TOIRETIEBOBEASIFEE 7 v
KREEXNh TV, Zhi Photo. 1 % %\ % Photo.
6T &K, BNREITHLTWARIEBICHST 5.
Tz 1000°C o Lhr ppBh Lk Licts, HEAMKERER
BT S &, BEAMREETS. ZOKEIXPhoto. 7 T
AT XD, BNAGEHR AIN 234K L BBEB LT
VWERERICHET 5. BOBEASHEMSRIEI N B DI,
BASEIE LBEARED v RIFRITIRIT Lz IRRBEE X S h
5. B r FRICIRITT 2 EBAMRIEIIERHRET 5.

5. ¥ & 0B

1) $8X% 1300°C iz lhr {f4% UEET S &, FiE
HBOGBHEEIZ X O IToO % r Rtk U 5.

1) EEFKET 5 LT HEMIIERD SR

i) FRIEZEG T2 L ¢y HRKE>T BN 2T
5.
iv) EREHFIEETIEST5E, BN#E L LTAIN
DR E BT S BE SRS, ZhixFs
BRrRSFICBNBETAERL, W AIN 22BN |
KERLIZbDEZEZ LN, Z0 AIN EHERTH
%.

F721000°C 4§z lhr HnZh U EEEHEKS LicstEhc
i, Sk AIN BEHEDLND.

2) 1300°C iz lhr hpzt UCEERKS LimE %,
15°C / min OHREGEE CHMET S & &,

i) 880°C LAFCHIE 7 BERIZIBD T My (CB) g H3H7

HULTEY, riblTe2 24 PBREBLTS My
(CB)s 1XKEBFDOETETHS.

i) 900°C LT, £H LT DIREE T My (CB)g A3
FELTWREE R (WFLBRLU site TRW.) i
BoTBNBTHT 5.

iv) 1000°CEEETHE T2 &, BOBNERLE L
T AIN pSfsHikic 4k +5. 2o AN REMIKRTH
5.

BN Fiz AIN 455501k AI-B-N Ric kI 53
SFHTIRAED b FERRE~DOBITE L THEBTE 5.

3) SO BN 3 Prase OFR LcBREALEED
BN LR —0&HEEEZHT L, RRENTED L sp-
herulite OFFEER & DT 5.

4) Spherulite » BN 3Bk B4 & F—DiEsa 560
BfREF LTS LS, C s igRicEsIL
(00.Dpny EBALNIKEABICLDOTWSEEEILND.
EEAFHEELFT 5 AN OEHEIZ [00.1]ax 7
DT, BN_Ei AIN 2 RSHRIC AR T 5 & &, (00.1) 5N
N(00.1) ain DERBIREE TS EEZ BN,

MO RFRLOERLHTEINAEREE TG
I R rh R ZEFT R/ N W LI R A B L %
T ZLUTCEREETT2CH2C, #iRIF
RITBIE & b D AR FMR R R S+ 5 X U
R B F RS LI < #tler L B 2. a0
WERFEHELCTS >R ERBRTIES LET.
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