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The Optimum Condition to Obtain the Maximum Hardenability Effect of

Boron

Synopsis :

Masakatsu UENO and ‘Kameiaro ITOH

The effect of N, Ti and B on the hardenability of low and middle carbon steels has been studied, in order
to make clear the optimum condition for obtaining the maximum hardenability of boron{B)-steels. The main

results are as follows:

(1) The hardenability of B-containing steel is expressed by the following equation:
In the case of (B) <, 5 ppm, log Vi-go=log Vi-g9°—0.14 [B], and when (B) =5 ppm, V90 =0.2 Voo’
where V.go is the hardenability defined as critical cooling rate (°C/s) at which 90% of martensite is
formed during cooling in B-containing steel, and Vg  is the hardenability as shown above in the base
steel (B-free steel), and [B] is soluble B content (ppm). This means that the effect of B becomes maximum

and constant when soluble B content exceeds 5 ppm.

(2) The B-precipitate observed by o -autoradiography can be considered as BN because that the resolve
temperature of the B-precipitate coincidents well with that of BN. Therefore, the amount of BN and/or re-
solved B can be calculated by widely used solubility product of B-N.

(3) Boron-factor ( fg), defined by GROSSMANN, is a function of the hardenability of the base steel (B-free

steel) as well as [B] as shown below.

(B)<5ppm, fg=1—F/b- D/

where, F is a function of [B], and b is constant, D, is the hardenability expressed by ideal critical dia-

meter of the base steel.

Key words: heat treatment; alloying element; hardenability.

1. #& 8

wmEoKXKa Y (B) i THOBAESIFE L HLET
HIERBLAISATWAYTE, 2m7:0 BIidBE AN
EXFLLURBEHEICHBEIRTE . 2OKE, B
BELRCEBIN TV RVEENR I TS, flz
i, ERRCTEELZMETH» 2OBOSENZRKICE S
HOEHEDTIN LQEFOBOHEHOK X ZVTHINTI0
WKOoOWTRLTFT LIRS b2 TwiA W, BFEETLE
ELTEESEEZ OO THARICHC OGO IR
5 DORHOMIEIATRCH L. FICQOMBE RO
MENESOX2MAA OB CEETHA. L
BOTAERTEITIOMEL L D HIT, BHZRET

BIZHIoTOUELEAF*PEICT AL DDEE LT
7=.
INETHEAMCH L AL BIEFICER LB
(WbwWw2 Soluble B) L EXHNTELY. —HEH
59 41 a-autoradiography (LT a-track &) * F#
FOBDGAIRIEEL BORR L OBFEER~N, B2ty
—o BRELHPHIT B3R 7 KR I2 B % B ORITIKE
WKEOTRRAZLEHLNMILA. T4bL, BAR
W32 BRI S ND, BAFTHWEERT S L
CHOBOHREFLLBITAHI L RIHLZ. BOg
ABHRELEZDHLEE, ZDXHIZ a-track ETHE
ShAFUI R CEER R E 3T 0T, LR
TR ZOWEPOEERLHS 2T HERBITOL.

i3%0 62 £ 1 A 28 H%f+ (Received Jan. 28, 1987)

* P H ARk (BR) /BB 8Lk (Yawata Works, Nippon Steel Corp., 1-1-1 Edamitsu Yahata higashi-ku Kitakyushu 805)
*2 B AR () EARIEMTER (Plate Technical Division, Nippon Steel Corp.)

— 158 —



WOBMAULECFS T HRE K0 VB 911

2. £ BR F &

2-1 ¥

AREBRICHER L MO LER S % Table 1~3 (2R
. BOBMREINILIOTELLBATHDT, BOX
BE2TRICROL7-DICEIONOHEBL LBV
EUTEREZTHUEND S, Table 1 DIz 7 D&Mt
FHOLPICTAERICHVWONE|TH S, NOBEET
FELTTi 2, EBROGEAKTEDL-0IIER
WD Rl s 2BEORGTREHVTEREITO/. B
DERBR—RRICHAMCER sha 8 E 2, 10~
40 ppm & L 7.

Table 2 I BHDOBEABICE XIFT 4+ — X7+ 4 Mt
FHEORBERRDL-OEMRINMTHS. Table
3IINAMTi CHESNAMIBVWIBRLBOHEL
OB ERARLI-DICEF IR THSE. ZhHDOH
X 150 kg PEZERMIFCTHE SN, 3F7HITEOTH0
kg DRBAES N, FLTINS D 50kg SHIE
1250°C T 2h s h, BEEET 13 mm OWRICELE

ENf, THhOBETIMI»SY s I =—RBF 28D
L. '
2-2 BEAMRER

BDOPEAEE D 2 I = —FHBRTHRNL. ZoREKICI
Fig. 1 iZ/RT/NBIFBRR *HYv,, EE0XMABLE
BB Y s I =—RREBYW 2HWTH2/42. Y i=—
RERIERMLE L 3IFTY, ThODOKEREENRTY 3 3
SR EERL, CoMlE»SERGHEE 2 HEA
7.

FERIZBITABAMIR 90% < VT 44 b
BONDBRREGEEE (Vo) TEHEL . GHEE
FABE T L 22 A% 800~500°C ] O EI% HEE CRR

66
N\_ —
c B A S
25 10 40 t
75

Fig. 1.

Dimensions of jominy specimen.

Table 1. Chemical composition of steels (%).

Steel C Si Mn Cr Ti Al P S N B ATi
Q-57 0.20 0.26 0.52 0.98 — 0.004 0.016 0.010 0.0046 0.0025 —0.016
Q-58 0.20 0.26 0.51 0.98 0.026 0.003 0.016 0.009 0.0044 0.0024 0.011
Q-59 0.20 0.26 0.51 0.98 0.048 0.004 0.016 0.009 0.0044 0.0025 0.033
Q-60 0.20 0.26 0.50 0.97 - 0.021 0.016 0.010 0.0055 0.0019 —0.019
Q-61 0.20 0.26 0.50 0.97 0.022 0.021 0.016 0.010 0.0060 0.0018 0.002
Q-62 0.20 0.26 0.49 0.96 0.045 0.017 0.016 0.010 0.0061 0.0017 0.024
Q-64 0.20 0.26 0.49 0.95 0.021 0.017 0.016 0.010 0.0059 0.0039 0.001
Q-70 0.20 0.26 0.50 0.98 0.015 0.023 0.016 0.009 0.0060 0.0020 —0.005
M-19 0.23 0.26 1.22 -— — 0.044 0.004 0.006 0.0052 0.0020 —0.018
M-20 0.23 0.26 1.22 — 0.018 0.045 0.004 0.006 0.0043 0.0017 0.003
M-21 0.23 0.26 1.22 - 0.008 0.050 0.004 0.006 0.0067 0.0012 —0.015
M-22 0.23 0.26 1.20 — 0.025 0.051 0.004 0.006 0.0043 0.0011 0.010
M-23 0.23 0.25 1.19 — — 0.037 0.004 0.006 0.0035 0.0015 ~0.012
M-24 0.23 0.25 1.21 -— 0.018 0.038 0.004 0.006 0.0034 0.0015 0.006
M-25 0.24 0.26 1.21 — 0.010 0.044 0.004 0.006 0.0032 0.0016 —0.001
M-26 0.23 0.26 1.19 — 0.025 0.044 0.004 0.006 0.0037 0.0015 0.012
M-27 0.21 0.25 1.17 —_ 0.017 0.025 0.003 0.007 0.0059 0.0016 —0.003
M-28 0.21 0.26 1.19 — 0.028 0.026 0.002 0.007 0.0048 0.0016 0.012
ATi=[Ti]—3.4{N}

Table 2. Chemical composition of steels (%).

Steel C Si Mn Ni Ti Al P S N B ATi
S-73 0.13 0.27 1.21 — — 0.036 0.006 0.005 0.0021 0.0021 —
K-25 0.25 0.25 1.16 — 0.021 0.039 0.009 0.004 0.0061 0.0013 0.000
M-3 0.22 0.27 1.23 — — 0.077 0.013 0.022 0.0013 0.0022 —
S-66 0.15 0.26 1.22 2.08 — 0.040 0.004 0.005 0.0020  ©0.0013 —

Table 3. Chemical composition of steels (%).

Steel C Si Mn Ti P S N B ATi
ON-10 0.15 0.25 1.50 — 0.030 0.015 0.014 0.0050 — s
ON-7 0.15 0.25 1.49 0.026 0.026 0.015 0.014 0.0051 0.0001 0.009
ON-8 0.15 0.25 1.49 0.026 0.026 0.015 0.014 0.0051 0.0003 0.009
ON-9 0.15 0.25 1.49 0.026 0.026 0.015 0.014 0.0052 0.0005 0.009
S-40 0.16 0.25 1.36 0.039 0.039 0.014 0.012 0.0052 0.0007 0.021
S-60 0.14 0.30 1.28 0.027 0.030 0.014 0.012 0.0052 0.0010 0.012
S-46 0.15 0.27 1.51 0.030 0.047 0.017 0.016 0.0054 0.0012 0.012
S-47 0.15 0.27 1.51 0.029 0.045 0.017 0.015 0.0052 0.0020 0.011
S-48 0.14 0.26 1.46 0.028 0.044 0.016 0.015 0.0050 0.0043 0.011




912 B r M %74 % (1988) £ 5 F

70018 Converted value from
® Hodge,Orehoski’s data*
o 100°, martensite
60012 Author's results |
[
~ i e 90%, ma;tensitv
= o~ / ‘}‘f‘/‘
£ 500 - s
x L L~ / 4 a
‘% - M' /ﬂ a . 50’/0? it
o A8 I L martensite
£ 400 g LT LT
T A re O W :
s r | Pt 3" e" o * J. M. HODGE and M. A. OREHOSKI: Trans.
200l N S i Metall. Soc. AIME, 167 (1946), p. 627
b e e Fig. 2. Hardness of martensite
i =" products as the function of
200505670015 020 025 030 035 040 C-content.
C-content(%,) ‘
L7, BEAMEDESHED GrossManN D FEE R B DI,
COFVPEBHRMISRTINAREEZ - PHTH
5. i
. - — SGO r A@
TaIo—REBRICBITDH 0% v NT ¥ A MLER Sl ™ A A—
Fig. 2 \SRTE2 KD, R oD oo
2-3 BORHHOEZREDRE = =D
a-track ETEE S A HHYOBBRE RO 5 7 or A . N
W, TCHMEESHRTHAHKRFE Si-Mn-(Cr) % 6

EREFICLTINIE B, N @MU 7228 % v CER
24707, BMEBHELTO AR, Al REEHFHET S
¢ AIN 2HH LB &L IG5 N OB HA T 5 W HEH
AdBHOTHERMET 0.03% LT & L.

IhHOEAHEE 3mm, K& 10 mm O Formastor
HABRKZ2WOHELE s 0HBA % 800~
1200°C DEAALREICNB L, FEET 30 min fREF
L7d & He FATEHH LA, BOEBIREIX o-track
ETEE L. T ORNEMHE 5.2X10M n/cm?,
aBOBRBEL LTOELOL FOLyF > 73 6N
@ NaOH # Ry, 40°C T# 30s {727,

3. ¥ B # R

3-1 N2BETI-HOLBERH

BHEOBEABINEL LHIIELLBL TS, ZON
CEAEBYBR D, BETIC A 2H{MLTNOD
BE fThhs, FRERTINOEETHEELCT %
BAZ., ZOEANE Ti & Al KHXTLROBMTN
OEEITEER 2 & BLU TIN OBRBELBV -0,
RIAVIREEHETHER 2720 TH 5.

AEBRICHE L -Mo{LER 5% Table 1 IZ/R L /-,
BEAMREBRIZB T AL — AT F 14 MUBRE ILEE 0L
LM trEEL T I0°C & LA, MBI Ti+
N2 TiN OFEHRL T 5 G2 A2 TRET HLEH

30 60 100 300 600 2000
Holding time at 950°C (sec)

5 10

Fig. 3. Effect of holding time on hardenability of
B-added steels.
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Fig. 4. Effect of Ti on hardenability of B-added
steels.
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Fig. 5. Effect of B on hardenability.

Photo. 1. g-autoradiograph of an as-rolled steel
containing 0.0011%B and 0.0045%N. Precipitation
of boron can be observed mainly along austenite
grain boundaries. Those boron-precipitates seem to
be formed as a result of B+ N—BN reaction after
rolling.
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Fig. 6. Dissolution temperature of B-precipitates
observed by autoradiography.
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Photo. 2. Distribution of boron
of the steel shown in Photo. 1 af-
ter quenching from 1050°C and
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can be observed in the sample
quenched from 1050°C but no
precipitate can be seen in the
sample quenched from 1100°C.
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Fig. 7. Relationship between free B content and
effect of boron on hardenability.
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ROUFEOSORREBVY—HERLTVAH LWV X,
4-3 BOBRAMDRORTAE

CHhEITBORRRIFEL LT fGBETHRRENTE
Fo. LTAN—H T DEXEHESE L8 L SI13BA
AR EVHITEEE LV E W ERERAD S, BEAMEICH
THEE0HREEL DIEOKRTERRT A2 LT HHE
o, FBHEOLREERIIBWTBOMHRY o=
Voo™ / Vego THERT A & logn & [B] & 3EERES
BB —EDEFEEHH L2 R L7 (Fig 7).
ChiEpOhY» ELXYBOMBEERRTHOICHEL
TWAILERBLTWVE, ZXCTopEOFHAEEMN
Lz, pfEE EEOBBREYL IS LEEL BT
BT B,

DifiEd Voo bEBIZT aI=—REIOLEKDON
BETHHEH,S, BEVIIERTES. Fig. 10 IIEER
RO Sl D& BRFSHERE & ORRERT.
ZOMD HTEOBBRIGEBIIIC(5)RTRT I LT
5.

10g Veogo = @ — BD; crorerresesencicnisnninnns (5)

Z T, a bliTEK.

100
60 \\
< 40
o \
g2 N
=10 \
6 N
4 ’ \
N

0 1 2 3 4 5 6
D, (inch)

Fig. 10. Correlation between D; and critical cool-
ing velocity.
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COBBRERHVT it g EOBBRERDL L
T5.

CZTBROBRGHEEB LT D EZ Vewn*,
D* & L, B-free PN ODfE%R Vew, D T3
&, p & fo LOBBRIIRNTEEINS.

logvzpz_b(pl*_pf) ............... (6)

Wz iz,

fo=D*/D ' =1—F/b-D/

(X rbbrsbeBl, fER FIEL DF OB
hB, THhET fERBOADEBEEZONTE
72. LaL, foflids(7)RHEI DThHhhiL f3 EHIEB
BOE»ZORMOBERSTOBAEIEKE TS, I
TOWET fo HIHREICL O TR D0 1M
k2T Df BRLZY, TOREN L EICERIZLD
LEZOLND.

SO LBY pfE (AW FHE) ZMOBFICX
STEEBBATOBEBE 2. LIHN fEEBE
FOBBTIRREVDOT, BOFRERTIHEREE LTy
DHBRYLEZONS.

5 ¥ ]

Y g I —REPTVBEOBRAESRRICES
St RO, T 77 a-track ETHE S NS BOH
Wiz BOBAMSRICH L THEELEELBLIZTO
T, TOWBYMOEREFANL. ZORKR, TiRoZ
AR L D7z,

(1)BDOBEAKEY 90% <7 44 MBS
HERRGENEE - Ve-0o(°C/s) TERT S &, BHMOL
AR TREND.

108 Ve_so =10 Vcoo- —0.14 [B]

T T Vigo' & B-free DIFEOBEAM, [B] 34—
25+ 4 MEERICEBE L 2-BE (ppm) /R

(2)L#»L, BoO%hEid [B]=5ppm THRKIZE 5.
ZOBOBEAME Veg=0.2Vce THAH. [B]>5

ppm 2% 2 TH BOBEARMRRIEDLL 2.
(3)a-track HCEHE S W AHIFHPOEBEE X BN
DEBEREICEHE LV LS, ZONMEWIE BN & &
ZoNB., LD T o-track ETHESINLEEB
DERERDBMEE» SEHETROONS.
(4)BOXR% o fETCRRT H L, fg fEHIE B-free
MOBABOFEBIIFIELTEILT S, $2bb, f
fEiEBZFoEBETCREW. ThETEHELOMERICK
SOTRKDOENT: fg VLT LI B LE2VDIZEDLD
THYREVL D,

bz, AFEE2ERT S CH-VBENLPSEH
D 7237 A ARG (BR) B —H R e B L RIE L ICBH O
EiELIT.
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