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Effect of Boron on Transformation of Low-Carbon Low-Alloy Steels

Synopsis:

Kazuo YAMANAKA and Yasuya OHMORI

The effect of boron on the transformation of low—carbon-1/2 Mo steels has been investigated by means

of dilatometry and microstructural observations.

The steels containing below 30 ppm of boron exhibit the largest hardenability in case of austenitization
at 930°C, but the hardenability is reduced by austenitization at higher temperatures. The hardenability
of the steel containing boron of 60 ppm does not vary with the austenitizing temperature.

The steel with higher boron content of about 95 ppm increases its hardenability with increasing the

austenitizing temperature up to 1 130°C.

Such behaviour can be explained in terms of grain boundary segregation of boron and the precipitation
of Feyy(B,C)s. In addition to this, the effects of the precipitation of BN on hardenability and the crystal—

lography of Fe,s(B,C), are discussed.

1. &

PERDWFAC I NI F o M FHORFIIRDO X St &
HHME. 1) EAMCRES RN o CRINER: 3.3~25
ppm DORICH D FBED AWV IREFFACb % REE
LTHhOBER S X5 2 &8 5E & UTEEARS ITEE
FTHVD, 2) BWEE (§1200°C) TH— 27 F 4
hE#E 900~650°C i EHiHCHRIRFF T 5 & 104 —
A7+ 4 VRIRICIB > C boron-constituent & IEFL 5
DRFDHTIT 5. ZDRFIE Feyu(B, C)g THBOM.
3) EREICHN DT DX S5 Fewu(B, C)s RMHLHDIT
HIE7 = 74 P ROXRA F 4 PEROBARLE & LT
BERAMEZ R T EHERE L5909,

—FMER 0 o OFINC X B EEARR LD 4 B = X A
/X GRANGE and GARVEY?, SIMCOE et al®, 439,

SPRETNAK and SPEISER!® 52 X DRI INIEW Lo ®

oI

vt —2AFF A NN ROFRE T AV F - KT S
LLEEZLNTVWS. L LaRbE e o WPLROBEA
o —27 74 MUBEK X 5L L TiE—Agic
BixeoBE2onTwaHih, TOBEAMICE XET Al
DINRERLF — 27 F A4 MROEEFEICB U TIERIE
EMBE V. X TN TRERICAR o RO ZEREE L
I BO BT DOWTRET R .

2. R BR K &

2.1 #t R

Peatmp L ks % Table 1 itR$. wihd 17 kg
BEZRERFCHEE L. 250kl 1200°C T 30
min fip#h L724% 900°C LI E@IRET 30 mm¢ Di#
ks L7,
2.2 RBATFERLE

PTENEE, 1) va i =——inBEARE, 2) 3

Table !. Chemical composition of steels (wt %).

Swels | G Sl Mao P S | Al B Mo N O

M-0 | 0.21 | 0.33 | 1.37 | 0.003| 0.010 | 0.047 | 0.0005 | 0.50 | 0.0045 | 0.003
M-1 | 0.20 | 0.31 | 1.35 | 0.003| 0.009 | 0.064 | 0.0018 | 0.49 | 0.0040 | 0.002
M-2 | 0.21 | 0.31 | 1.36 | 0.003| 0.010 | 0.070 | 0.0030 | 0.49 | 0.0057 | 0.001
M-3 | 0.20 | 0.30 | 1.35 | 0.003| 0.010 | 0.068 | 0.0060 | 0.49 | 0.004¢ | 0.001
M-4 | 0.20 | 0.30 | 1.35 | 0.003| 0.009 | 0.072 | 0.0095 | 0.49 | 0.0051 | 0.001

* EFn004 9 BI1SE Ff+ (Received Sept. 13, 1975)

ko R EETEMGR) REE#TPIEAT (Central Research Laboratories, Sumitomo Metals Co, Ltd.,

1-3 Nishinagasu-hondori Amagasaki 660)

R FREBTEHR) P RERTIEA Ph. D (Central Research Laboratories, Sumitomo Metal Co., Ltd.)
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SEOHZRBRUHELTEESHORGT, 3) XRFEHBEER
UCEFHERSELZAVWMEHE, 4) AN, BNOWEERE
OHLETHS. EiLOoHFH31200°C T 15min ©
F—~RA7F 4 MERIEL, KEANZTE2R. P28
= —ERER K13 930, 1030, 1130°C L iBEDO7NVNT LT
&P T 30min F —~X 734 MELAE HEANLE
fFleok. B s “C” BIRERe o MOEE
%% 2 C 5 mm SFTHIHIFIE L2 DWW ElE LTy
5. FIRZERRFENT 2X 15X 15 mm ¥ H L7250
SWT 7T UERLGH 930°C X X ¢r 1200°C ¢ 20
min # — 25 F 4 MME L7 900~450°C D EAMIFITHE
At 5~5000sec SR ZEAE % S TKERAKPICEAS
L7z. SRtk lineal analysis iz X o T4 LZER
ZRERAR 2 fERK L7z SRR EIZEAEZ SN Formastor
-F ZpiRete v TERBR ORUELOBIEIC X 2T
FAELI.. ZOBRED F—2FF 4 MEEEWR 930°C
F X0 1130°C T Y 20 min {£4%54% 10 000~1°C/ min
DOfEiZ OEETHA L 7.
HFRMPREOERDOBRVE 2% a7 va—1 e ¥
IV UEEFIAR F+ o F v —F 0l X2 T 7k
V, EFHAMSEHREREROSKMER ) v B-7 o &8
Wiz X A EAECT AN HU-200 (Jm#EEE 200 KV) X
WEIE & Tl o7z, AIN, BN OiFHEDH5HriE 900~
1200°C DZRE T 1 hr finEhigkBE A LicBFhc 2w
CTFEV, FEFCA — 27 74 MEE b EjE L.

3. R BB R

3.1 vaz=—HHE

Fig. 1 (a) 11 930°C TA—27 74 MELES
¢ 18~30 ppm O F v UIRIICHREAMSAE L LRTS
DTt L 60~95 ppm LB D &I BEAMIET
+%. La»L 1030°C wwinzhi5b & Fig. 1 (b) OX
SEFRe L OFHREIBETELLLD, IHITA—-2F
+ 4 MEigE%z 1130°C wkiFs& Fig. 1 (¢) X
51 30~95 ppm OFE K 0 LI OLBBVWERAMEZRT
zEmbhrs, LALLIICTH—2FF4 MELE
BEEAOE ¥ o oA 930°C TH—2FF 4 b
L LD 18~30 ppm F o L #f & D I3H7R DS
3.2 EERHIERE

530°C ¢ 7y {t. L7 M-O (5 ppm B), M-2 (30 ppm
B), M-4(95 ppm B) #toEgsHIZEREfE % Fig. 2 i
T BEK o o (M-0) Tk 26°C/ min O ELEE
(AC;~44 600°C Rfi) TWIWF 7 = 74 bR T 523,
h, EKeEM-2, M-4) T3 1°C/min 53k
HWCBWHHEE TN 7 = 74 MEAabhicwy. <4
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Distance from quenched—end (mm )
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Fig. 1. The results of the Jominy tests austeni-
tized at (a) 930°C, (b) 1030°C,
(c) 1130°C.

F 4 MEREIZ DT I 900°C/ min DB HLERE TRESE K
v EAIEIE 100% N4 F A4 FERRSET LTRSS
S Hy=290 THoHONL, HFEo iz Hy=376
BRI Hy=365 LvLFr¥4 bORABNS
WZ ERbhD. UL Lgd b 500°C/ min i HIghiz
(BRAME) ORBEF>»L ALPERISCEGRn Vi
VBREIIS R A S 4 PRISET L, TRENT OWHIEE
THREANAF 4 b—BhzoistLihd o VIR VWE
Hicble2Te A7 ¥4 FORBABEDONS. LIz
MBoT 9B0°C T r L LiFE, Ko @b A4
F 4 MEESIHIESN TR o S ENTh EHET L
FRRIIFCREEOTVWEHEV LS.

1130°C T r{LL7=84& Fig. 3 Rt X Sic 26°C
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Photo. 1. Optical micrographs of the steel M-0
continuously cooled from 1130°C with
the cooling rate: a) 10000°C/ min,

b) 900°C/ min, ¢) 340°C/ min,

d) 13°C/ min.
F4 b, (c) Ix 340°C/ min OBHEED HETNA
=F4 v P 7274 bR X L4 POTHR
TN F YA PRWIIBRBEA—Z2F7F 4 bOBPROL
NAHHEWHERTH S, (d) T HINEENLE ST BLR
H 13°C/ min OHPETHVNA F 4 bEEDHITHTT
=21 MEHXB.

Photo. 2 % M-4(95 ppm B) {4 (2) 3dbH
AADZE (b) iRd 900°C / min OBHGEETH <
WFH A FBRHRBI, (¢) @ 340°C / min O¥yE)HE
TR LD TRERANA 4 MR TA D, Enic(d)
@ 13°C / min OWHLEE T LD THWRA F 4 Mi
BTl DEBFRY ITF7 294 PERDHLCHL .
ZDXHSTH —AFF A MULREXRILTH Ko rEIT
X DWENEE I X B RBMAE(LTRELERESA DN
DT ENbB.

33 SFREE
1200°C Bt 930°C T4 — 257 + 4 MLLIBEADSE

5+

L S
eeend

40N

Photo. 2. Optical micrographs of the steel M-4
continuously cooled from 1 130°C with
the cooling rate:  a) 5000°C/ min,
b) 900°C/ min, c) 340°C/ min,
d) 13°C/ min.

BrsREhs s #nEh Tig. 4, 5 ©FRT. & ICUF
7 =94 MiEE) 800~600°C, 4 FA4 M3 600~Ms
HOBEMTEREN, 7274 FERERR 750~700°C
iz nose &, ~NA F4 MEREIT 450~-500°C (= nose %
Lo CRIHAE L LTV HMME TH o miime 3t
X OFEBHRELD. 1200°C T rib L EFo &
DAL LEHIRT = 74 PRONA F A4 FEAEBHIERSE
RN B EZ TR LTk DIFIC 60~ ppm D F e %
GHTS M-3, M4 T2 = 54 MEER»ILDIE
NTWBZ Ehbnrd. —F 930°C T rib LiHa 18
~30ppm OF o EEETHME (M-1, M-2 5
D7 =T 4 PRUNAL + 4 NERERAER KK o
F(M-0 3F) KhEFLLBhTWBOIERL, &
oUEINEIRT = 74 PRUTRA 74 FEREOREETE
{IE2Twd. 1272 LEFREROSHE b EEAAERD
g4 LRk 930°C TA — A7+ 14 MET B EH 1200
°C DEBBTCHRTEFe L ADT = 54 MERSINFI X
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3-4 EHEHR

1200°C 5% 930°C ¢4 — 2574 bMLLT 900
~450°C TERTRE X ko RLo it x
BT 5 7o EE BB EIE 2 T o7, 900~600°C
DINAREFHMIZ b2 TH T 2 RME (Vbbb
boron-constituent) M EHf/ €% — W XWFR b FEEK
10.6A THlj.LILF§D Feys(B,C)s TH Y, LD 900
*Cm BT 5~10sec @ T GERHHIDSHRAUNT Feyy
(B, Cerbsik LT 5. Fe-C-B H4& D4 Feyu(B, C)s
3 650°C LAEOWmE T L, ThX v {KEITH
HIWH 5 & Fey(B,C) LB A% RO 0, KELE
Mo i gE D 1z b s 600°C SELGD K {REE T4 Fey
(B, Q)¢ XFELTWD. 1200°C TH—AFF 4 ML
L7224 A1% Photo. 3 IZ7RT X 51 KX 7 Feyu(B, C)g
VT EAEF -7 F 4 FRRMHECHEE LTW 55,
W7t A 1 200°C CIEMIL LTk 930°C THA —
72774 MLLU TSRS 588 R, MRz iMb

Austenitized at 1200t

*» measured point
L] -
800) . .
. -
~ 700} A . .
L d
~— . -
¢ 600) . .
3
S00| . -
&
.
4008
ml ¥: tranatorenation inhiated
1: tranatormatian finished
Y 56 S 50 00

Time { sec)

Fig. 4. T.T.T. diagram of the steel containing
various amounts of boron (Austenitized
at 1200°C).

T, Fen(B,C)s MBHHITHLT WD © 2 Zbhiz.

HRLIC7 2 74 PORICIELT Feu(B,C)e DIHA —~
A7+ 4 PRATHEBERE SN 2L TH Y, —F Feyg
(B,C)s OWHIE LT LD T =54 FOAERKEEDT
HWZ ETHB. Tihbt Feu(B Qe O HRT = 5
A POAEJRIZETT S REED @V 2 LT 5. Photo.
4 X Photo. 3 O—DMAAEHE, IR FF IR, B
RERZ T & D CTRIICIBEDTKRE N Feun(B, C)g 22
WL THE D ZORBITHN 7 = 94 FBRRELKEL
TR ZEHPbhrs. RGO EHEA —~27 34 b
VIFFEEAE 0 & T M O £ G5 (BRI 1Y i AT
TERWDOTHA—~ A7 F A b SEPRRINIC AR L=
WF P A~ & Fen(B, C) & HABIRE FH~7-.
Photo. 4 (a )IXBAMREHR (b) 2SHIERMEEFENFE, (c)
WTACRZD7 - 514 TR RO I 2Kk=17
4 b 112y EUTEEE IV 2I5EEHE, (d) 2 242

Austenitized at 930%¢ « measured point

i: transformation iniliated
1: tranzformation finished
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Fig. 5. T.T.T. diagram of the steel containing
various amounts of boron (Austenitized
at 930°C).

Photo. 3. Transmission electron micrograph showing large Feyy(B, C)s precipitates lying along former
austenite grain boundary and the nucleation of polygonal ferrites. Isothermal decomposed at
700°C for 5000sec after austenitization at 1200°C (steel M-4).

— 113 —



900

(a) the bright field image, (b) the selected
area electron diffraction pattern, (c) the
dark field image using the (112) martensite
reflection, (d) the dark field image using
the (242) Fey(B, C)g reflection, () its
schematic representation,

. 301
_ 12, _a ™
I 2314, e ?” \
\ = |—3 ¥ \
\ 2 %_z.k»o\(_)zz;z\
k | A_di3=21T,
271 ‘:”% \_
My 13 I?\Q‘_’ \_,0_242 1\\
\ 024,13
a1,
- Nz,
307 M
(e) " v i Fepy (B,C)g

Photo. 4. The Fey(B, C)¢ precipitated during the isothermal decomposition at 700°C
after austenitization at 1200°C (steel M-4).

Feys (B, C) BT & AV <R 1REHR, (e )h3Fen(B, C)s
L= oA MEFIRO JEHERTRTHS. Photo. 4
(c) DORERERTERTRE Z 21F 339 Fepn(B, C)g @
R e 112y EHFRASRIEFTICE 2TV B DT EED
T T P4 b L Feu(B, G MBRFFIIEDOTRASZ
EThBH. THIC 242 Feu(B, C) EHfEEMAV5 &,
IhE =794 FOBEREREFTRZSHWDT,
Feyu(B, C)s DHMHDTH L (Photo. 4 (d)), Z[E
RS HIR O HEMIC X 5 C ESHRIND. LichiD
T Z OB T 5 R/ 2 — 2RV T AR
BhLdbE O AT U4 b E BT (Fess
(B, C)e) DBFRIPEZNS. Fig. 6 O F L AT
HPAHHHLP K ST Feu(B,C)g EviF 44 b
& ORlCIx

(110) pepy(B, 06l (111)

(LT peyate,0el (0T 1)y

(112) peyyim, 006/ 21D u

75 %5 Kurdjumov-Sachs PR 2350, <ir ¥4
A MBFFEDA — X7 F 4 b & Kurdjumov-Sachs DB
HEDOTHHLALBEET D LRRAEEEL LT—FHO
F—RFF4 M D Fey(B, C)e WEFTHHRIBIRIC
HBHLWERD. L LENRSLIZD Feu(B,C)e iwhifEL
THEBELIZRY) TFv7 254 b ERASEED AR
% b7\ Photo. 5 iz h e Ry EREFEO—4|T
Fen(B,C)s &7 =74 bED HHBEEZ RLTW5.
z2ZT (a) BPEAGE (b) 8 21, EHEEAW
TRERBRTHEMN (c) OEF RZ~2 » 5, Fey
(B,C)¢ X% LYMEAK T = 74 bk Kurdjumov-
Sachs OFE ARV & 23bh 5.
3.5 ZEYOHHEA—-XTT1 MERRKE

Fig. 7@ F—27F4 MURLEE SLICFXoEm
OFRERTIDTA—2TF+1 MEEDLERE i
A—A7FARITEKXIET 28, Ko r@n8¥mTsz
LEXDTHIEHELLHEKXET D Z &Bbhb. —FHAIN
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aFen(B,C) : ©

Fig. 6. Stereographic analysis of Photo. 4 (e)
showing Kurdjumor-Sachs orientation
relationship between martensite and Fe,y
(B, C)¢ precipitated along austenite grain
boundary.

HBHWE BN L LT NBREFoRERBEINTWSEPE
B I DI LS T 2 fT e o7 %5 Bx Fig. 8 & Fig. 9
(c¢) KRY. ZhXbFo rgrnihnl T AIN AL
TEpFA~2A7F 4 MUREO EFICHS AIN o

(d) 37a ~ ~\,

HLEWIEEB X 2T A —2FF4 MBSl K{ET 3
e D.

1. = =

41 KOYFTRMMOBEEAM

—RF =2 F 4 ML b B EIA TR ot
IRALE WA LA LT 5. £ 2 TA— 25 4
MR EA 25 LFig. 70X S CMBURE+ & 3|
KLY %2 900°C & 1000°C DR TORKENZ L.
ZOBFIE 950°C FEET AIN BGBET L Licko
TH—ZRT7F4 MRUAAEBCKRETARBEEIC—F L
TWwab. LALAEMNSZ Z TS TRKENOIR AR e
DIRINEDEICPEDTH — 2 F F4 MR K(ET 5
HETHS. AIN & BN OF— 2534 b BT B8

1
BRER log [AI][N] = — >0 40725
|
log [B][N]=— ?m+iuw

PRI D EWMEFRIA—RF F A4 METHERT D E
< AIN OB D/INE V. LA D THREER T
BV 5 S F TR 900~1200°C S D ZeEMIE AIN 1
mé.Lwtmﬁeﬁ~x%f4bﬁ®ﬁﬁé@(ﬁg
7) % AIN, BN o034 (Fig. 8) X zh i FEL
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Photo. 5. The Fey(B, C)g precipitated during the isothermal decomposition at 650°C

after austenitization at 1 200°C.

(a) the bright field image,
pattern,

(b) the selected area electron diffraction
(c) the dark field image using the (211) ferrite reflection,
d) its shematic representation,
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Fig. 7. Relationship between average austenite
grain size and total boron content as a
function of austenitizing temperature.
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Fig. 8. The results of the chemical analysis of
N as BN and N as AIN with austenitiz-
ing temperature for the steel containing
various amounts of boron.

(a) N as BN, (b) N as AIN

HEA—2AF+4 MhTlx Al X D B hBaES TR

5T B L B2 LERHINEAD I VIR T I,
BN Oifid AIN 0 hicefTT5 2 &BFHEENRS.
Z T bERoBEREREZ AV AIN oifii %Sy, BN
O MR ETOE BB OWTERSGRITET S BN &
LTONEZFIF LA RE Fig. 9 (a)(b) R,

TOEERYX D BN 28 AIN wefT L Lz EE x5
DIVBRYETHB L5, T Fig. 9 (¢) @
BN 2ERFICHEE L 9B L FhTvw 3 ERZBH D
MIEAGRE T S W THTH Lc BN A REH O SYImiffE
TWRHES T FEBEE THRT L TS5 EREB BN %
RUHFETHZEETRLTWS. LAERDTBN &io
7ok U REEAMIEENL VW ETEBRESITER
SNTWHEE VT NOTFAESEEAMZ R S WAtk
PH5.

A —A7F4 PRRICET S F oo DRI,
McLEAN®) DF:

CeQ/RT
14+ CeQ@/RT
22T Co BROEHIRE
A B IRE
R LR R BT BIEARTOE

TR IWF —DE
WHES LEET B E Q DEPPFEZINTWEVDTE
HRITRESH B (1) A—2FF4 MUBEBEL h
PERIRIRE Co BEAT5. (2) FRe  iRECOE
W OREWH DI R RIBERTFIRE LS A
—~ 27 74 MUBEREL LS, Wi 5.

TDX 57 BEI1130°C A —2F 54 MELZ
£ric 60~95 ppm D F v & EF T HHE DOREAMEIE
TRTIWT = 74 SOAEEBFRD THENSFEE X <
BPETEHDOTHSHS. L Lass 900°C EFEOK
IBA— 27 4 MEDBE R OMEHT VT LR
REo iREPBVECORLTECE R o U HOBA
PEAETF LTS (Fig. 2, 3, 4, 5, Fig. 1). —
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(a) Calculated from Al-N and B-N solubility products, assuming that N precipitates as AIN prior torthe BN formation.
(b) Calculated from Al-N and B-N solubility products, assuming that N precipitates as BN prior to the AIN formation.

(c) The results of the chemical analysis.

Fig. 9. Variation of the amount N as BN particles with austenitizing temperature.
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Fig. 10. (a)~(d) Schematic diagram for the

nucleation and the growth of primary
ferrite nucleated adjacent to the Fey,
(B, C)g/austenite interface.
The Feyy(B, ()¢ boro-carbide is in a
parallel orientation relationship with
the austenite grain y,, but is unrelated
to the other austenite grain p,.
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