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Influence of Boron and Nitrogen Contents on Strength and Toughness
of Controlled-rolled Low Carbon-Boron Steel

Yasufumi FuJisHirRo, Tamotsu HASHIMOTO and Hiroo OHTANI

Synopsis:

An influence of boron and nitrogen contents on the strength and toughness of 0.02%C-1.65%Mn-
0.04%Nb-0.015%Ti-B steel and 0.03%C-1.50%Mn-0.15%Mo-0.07%V-0.04%Nb-0.02%Ti-B steel finish-
rolled at 720°C after heating at 1 050°C was studied. It was found that the strength and toughness could be
estimated by calculated free-boron (B*). :

The microstructure changes from coarse ferrite and degenerated pearlite structure to fine-grained fer-
rite and isolated martensite structure as boron becomes effective for strengthening, consequently the ten-
sile strength rises 5 to 6 kgf/mm? and the yield strength to tensile strength ratio decreases. Fur-
thermore, the microstructure changes to bainite structure by the addition of molybdenum and vanadium and
the increase of boron in solution, rising the strength. The strength rises mainly because ferrite becomes
fine. The critical boron content in solution which effectively increases tensile strength is 8 ppm as B* in
0.02%C-1.65%Mn-0.04%Nb-0.015%Ti-B steel. The critical boron in solution decreases to about 1 ppm by
the addition of molybdenum and vanadium. In the region where boron contributes to strengthening, the ten-
sile strength rises linearly with increasing B*. The degree of the strengthening rises by the addition of
molybdenum and vanadium.

Key words: metallography; grain size; phase transformation; precipitation; boron; nitrogen; controlled roll-

ing; strength; toughness; titanium.
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Table 1. Chemical composition materials (wt%).
Steel C Si Mn P S Mo \% Nb Ti Sol. Al | B(ppm) | N(ppm)
E 1 0.024 0.16 1.65 0.003 0.003 — - 0.04 0.013 0.029 4 22
E 2 0.021 0.16 1.68 0.004 0.002 — — 0.04 0.015 0.043 8 9
E 3 0.021 0.16 1.67 0.004 0.002 — — 0.04 0.015 0.040 11 11
E 4 0.021 0.16 1.64 0.004 0.002 — — 0.04 0.015 0.041 23 19
ES5 0.021 0.15 1.64 0.003 0.003 — — 0.04 0.014 0.033 2 34
E 6 0.019 0.16 1.64 0.004 0.002 — — 0.04 0.015 0.039 9 19
E 7 0.022 0.16 1.63 0.004 0.002 — — 0.04 0.015 0.038 16 16
E 8 0.023 0.17 1.65 0.004 0.002 — — 0.04 0.016 0.045 24 24
E 9 0.022 0.17 1.65 0.004 0.002 — — 0.04 0.015 0.043 14 23
E10 0.022 0.16 1.63 0.004 0.003 — — 0.04 0.015 0.037 25 46
El1 0.022 0.17 1.65 0.004 0.003 — — 0.04 0.015 0.038 11 64
E12 0.023 0.16 1.63 0.004 0.003 — — 0.04 0.010 0.037 11 50
E13 0.021 0.16 1.67 0.004 0.003 — — 0.04 0.015 0.039 15 49
E14 0.021 0.17 1.64 0.004 0.003 — — 0.04 0.018 0.034 9 73
El5 0.021 0.16 1.65 0.004 0.003 — — 0.04 0.027 0.040 18 74
M1 0.028 0.32 1.50 0.004 0.002 0.16 0.07 0.04 0.021 0.026 8 24
M2 0.031 0.33 1.49 0.004 0.002 0.16 0.07 0.04 0.021 0.024 14 18
M 3 0.029 0.34 1.49 0.004 0.002 0.15 0.07 0.04 0.021 0.023 18 20
M 4 0.033 0.31 1.44 0.005 0.002 0.15 0.06 0.03 0.019 0.020 7 49
M 5 0.032 0.34 1.51 0.004 0.002 0.15 0.07 0.04 0.017 0.027 13 64
M 6 0.030 0.35 1.52 0.005 0.002 0.16 0.07 0.04 0.023 0.025 10 111
M 7 0.025 0.35 1.50 0.005 0.002 0.15 0.07 0.04 0.023 0.025 16 122
M 8 0.027 0.33 1.51 0.005 0.002 0.15 0.07 0.03 0.024 0.024 23 113
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1.65%Mn-Nb-Ti-B steel.
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a : Steel E8

Photo. 1.

b : Steel E2

Microstructures
0.03%C-1.5%Mn-0.15%Mo-0.07%V-Nb-Ti-B steels (d, e, f).
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d : Steel M3
of 0.02%C-1.6%Mn-Nb-Ti-B

e : Steel M5 f
steels

: Steel M8

(a,b,c) and

Fig. 2. Effect of boron and nitrogen content
on tensile strength (TS), 50% shear-transition
temperature (,7,) and yield ratio (YR) in
0.03%C-1.50%Mn-0.15%Mo-0.07%V-Nb-Ti-B
steel.

3-2 Mo, V, Nb DEE
Mo % 0.15wt%, V % 0.07wt% ¥Rl L 72 Mo-V-
Nb-Ti-B #ftst M1~M8 ®BE R U NEDOE{LIZ X
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ppm, N<20 ppm DB Tix, TS O LHFIZfEw T, 28
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kgf-m/ecm? TH 5. fitk, BN 32 KT s ¥45E5
b s Y, Ky CHAE L 2K C-Nb-Ti-B T3,
LR SRR, T2, R LR CTEESS
T 4T 2 72 0.04C-1.67Mn-0.32Cu-0.10Ni-0.05V-0.04
Nb-0.018Ti-0.0016B-0.0015N 4 Ti&, Nb ® TS 2 &
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mmmamﬁmamuiswﬁ9jmﬁmlﬁT?éo
Z 11k Mo-V-Nb-Ti-B D& B#) 8 ppm DO&pFAH
LF 5.

Photo. 2 i Mo-V-Nb-Ti-B % M1, M6 & U* M3 $i®
“RVT) TEFHEMBEAETH S, BOHEEICH LT
AHEhZE 7 ML (b) TIRFEIC 2~3 um OHIFLD a
E# 2X10um OFBKROBKR~V T4 4+ (D) ¢
Roonsd, BELFFICHTLEBOFHELIKEV M3
M (a) ik, EEFEICEHCZIBY HE (Q) 277D
BNB. TAGKRERS Y H8ICBV T 18 ppm DE
BBOBARMEEIKEV EERYT. 72, By

B:18 ppm, N:20 ppm

&

B: 8ppm, N: 24 ppm

Steel M1

{11 ppm

{0 ppm, N:

@, @: Isolated martensite

@ : Elongated austenite grain-boundary
®: Ferrite

®: Degenerated pearlite

Photo 2. Microstructures of 0.03%C-1.5%Mn-

0.15%Mo-0.07%V-Nb-Ti-B steels.
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Photo. 3. The transmission elec-
tron micrographs of steel M1 (B : 8

o
o on Y om if B ppm, N : 24 ppm) containing 8 ppm
o /0“ .""“"/&\ —* B* (a) and its dark field image (c)
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o Se% \./. am soh r on . Dplane In
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Open------
A MR D @ DERICHE D RERE ¥y ~D C DALY, T '
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1050°C T Ti, N &b y #iC 1~2ppm L2 RE#E L % % 20 . o 2 %
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W7o Ti ML AEEBOHERIESHTHA. i
2T, BEMEIHEEES T Ti 258500 S 1L 5 40 2558
Win=12) BaE-ci, EBBEABEAMICHEEET S
7z®, B, N RUZ{LMEHRITCEOTMEIL L O THD
WALEe2 % 51D, Ti-B LB iz, FdBDXHIIN
DOFEEICIE Ti OFEEHKE L, 1050°C mzkoARHE
MTIRBIEKRES Y PICEABTA™. 22T, BOMH
WBEBICBWT—XABE LT, Smmshs Ti ¢
NTNEEEL, BENBIRTCBEFEETHLEERL
KR CEL-oTEEBBEIKRBE SIS L L, ZO—XEM
OEAEBE (B*) CoiE, MMEEFMLZ. TieNO
MEADHEE IRV, B* BEBEBE L ITIZFELE

f&é.B*=B—%ggm—1?8ﬂ>tﬁL,N—
1?8ﬂ50@%%KuB*:Bt?%.:mﬁMﬁu,

Ti %ZEL7-BENOBEHEXTHY, Fig. 1,2 TRL
R e EAMICEFELTHS. Fige 313 TS B* @

Fig. 3. Effect of calculated free boron (B*) on
tensile strength of 0.03%C-1.50%Mn-0.15%Mo-
0.07%V-Nb-Ti-B steels and 0.02%C-1.65Mn-
Nb-Ti-B steels.

MiRERT. B*<0WELTH B*=0 L€ FEERL
72013, BN ORBOFELRTZOTHA. TS 3H
ik oTh:AEED B* fE (BEABMHE) LLETR
BickRL, 20% 20ppm L EOBET TLHE 2 HT
B, $hbb, FEEBOBINIHES TRAMEREEAHEK
TAHIEEERT L., BEANGED & LB L TId 3~
5 ppm L\ F ® BEOFER CEE B O¥IcfEy, BOBE
AUREBAERTHEEbN DY, FEBEGTS
HIEFRESR B L Cid, BOBAMEICH T R ATFLD
SNBPBETH, MEOBREEBEICEILT—ETH
010 EHEBOWEIMICES TRENERTALDOER
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BRI RSz, L L, FEESEKEST HH
HEIESIC B W T, TSI BOBINICE>TERT
VRN < SR (R
PEANLED & LEOEILICEE T 5 5&#E B &2 3~5 ppm
THHDIIH LT, KR OHBELE D Z iz 20
ppm THAH I NG, y—a T72EXAL F 4 PERERIRE
ARG UBANREED & L#FL Db BOBEAM %)
RO/PEL, 205, HB#EEE CRAMS LA T
LYW R LI EZ LN,
4-2 BEEBOMIEER & Mo-V, Nb DBIR
AFLMTIE, Nb, BAZTHELTWHI &AL, @
BB LEE Nb OMBEHR' IS X HERARET S
BALDBER L EE sh/. 2T, Ti, B, Nb D21t
FRIREE 2 FED 0 2 72012, N% ZH2h 24 ppm O
111 ppm & H $ % Mo-V-Nb-Ti-B & M1 5 % O° M6 i
% 10% 79 LT AT VCTHEBL, REDPOEETHEE
ST L7, #E % Table 2 12”3, BN M6 0Tt
N3 b Ti, Nb, V L U'B CTHEHE SN 555, Ml T

Table 2. Amount of alloying elements in residue
after extraction in methyl acetate solution of 10%

Br (wt%).

& NIZ KBRS 2% Ti THEIE &, Nb KL UB D KES &
BEELTWAH. FRIEFICHFLET S Nb id, NbN O R
Lt Eans, $4bb, HNR Nb-Ti-B o BEAM
PRI, EEB R OERE Nb 53500 THD,
Wz, ENFOBVBEAN R, MBOELsBEETH S
Zehn, EEBLER Nb OMEDHRICERS S & E
Zbhb. T/, Nb(CN) (2 X HH LD IR T &
BWEEZLND.

¥/, BOBEAMKM ERHRICH TS Mo, VOEED
Boohi, $bb, Fig. 3 25 Mo, V RN D B
5 B* i3 1ppm TEEIZH B A5, BEAMEAE Mo, V
WD Z i3 8ppm EEICH D, BEAMENBV#HO
TV EOREB THRAMR LIRS E SRS, 72,
TS O LR34 5 B* O f%i3 Mo, V &I T ik
0.525 kgf/mm>-ppm, Mo, V # ¥ il # T ix 0.133
kgf/mm?-ppm & % 0, BEAMEIE WO KA HLL B*
H-) OBEEAPKEV. —#IZ, Bl Mo # D1t
DILFEE, BEAMIIE L THEDRERT VWb THB
N, FAEFEOBE O HERM & MR, BEAMEH
LTB& Mo idAHERE*RT I & 2RELTWA,
0.15% Mo & 0.07%V D HEAMMEKIZ 2 #h 0.161
B r0.137 TH D', Mo-V-Nb-Ti-B $ o e AP (25t

Low N (steel M 1) High N (steel M6) . N
-~ sl L EFEOME L E 2 b b,
Total Residue Total Residue B* ff}\%l rim_t‘b%a)%,?ﬁ{ﬁg ﬁf . %A‘i
— % S e
ol | | | e ot Hes b ORE
0. : : [ 4 e = .
Nb 0.04 0.0025 0.04 0.0195 Photo. 2 @ ¢ IZ/RTHMD o LB S—F 1 FORE
B Oos | 00001 | oobo | oo METHZ, BRMERASE Photo. 2 0 bISRT
Soupte | o.02 0 0.025 0 MED « & BIRT VT >4 A F ORAHBIIRD, 25
N 0.0024 .0020 0.0111 0.0113 e —
° EBALIC X B BEAMEOBEMIZ Y Photo, 2 @ a 127K
(Wt %)
Steel | C Si Mn P S Nb Ti B sol Al N
Low N |0.02|0.16 |1.85(0.005|0.004|0.05}0.019 |0.0011|0.029 }0.0035
High N|0.020.16 |1.85 |0.005|0.003|0.05 |0.022|0.0015|0.039 |0.0084

900

800
7001
600
500
400

3oo0f 0\ TTT==2)
200}

Temperature (°C)

FF : Fine Ferrite CF : Coarse Ferrite
B : Bainite M : Martensite

Fig. 4. CCT diagram of Nb-Ti-B steel
thermomechanically worked by 25% reduc-

100 }-Hv (N: 35ppm)------- QD @OBDTO
Hv (N: 84ppm) ------- % L : ‘gp 39
1 5 10 5 102 5 10°

Cooling time from 850°C (sec)

10* tion at 1000°C and then worked by 50%
reduction at 850°C.
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O Mo-V-Nb-Ti-B steel
- — 00
® Nb-Ti-B steel

-60

-100

Charpy transition tempergture {°C)
@
(=]
(o]
[ ]

[ ]
Q
O. Py

[ ]
[
[ ]

-120 .

B* {(ppm)

Fig. 5. Effect of calculated free boron (B*) on
charpy transition temperature of 0.03%C-
1.50%Mn-0.15%Mo-0.07%V-Nb-Ti-B steels and
0.02%C-1.65%Mn-Nb-Ti-B steels.

FTIBy MRDPFERETHNA F 4 MBI % 5. Fig 4
1, 1050°C (Zhn#kf%, 1000°C T 25%, 850°C T 50%
OET#MA 7, HoTEREEZE L. ENAR
UBENZB#MOML CCT WTH5'Y. B*=11ppm O
ENZBS D Ar, 2R, B*=0ppm OE NFZBH
by, 0.3°C/s DEEHLEE TH 80°C KT L, #H#ka
Mk o 12284E A, BNRBSOLEER, MK« DK
(660~580°C) &< F v A b DR (490°C LLF)D
EREBESA MY > RN 2 ZHoHRAR TR
9 BFEMBEMHBEEEH»S, Fig 4 OEN%ZB#H
% 0.4°C/s THH LB, BR=LVF ¥ 1 FDOHFRE
RIZ#H 5% Thy, FEEI/ASw., Thid, XEERD
BECRHMEERICB Tz, BioksimfbizFe LT
FIEFOKE Ve OEREBLIER Y A Z & 2R, &
EZobNhA.

4-3 BWMZEREF

Fig. 5 i3 ,T, i2Ki¥4 B* 0o EE L RT. I &
BiZ% % B* 2580 51, Mo-V-Nb-Ti-B #iTix B*
=1~6ppm T ,T, "B BICH A, ZOFEHTITHMIE
AL o FETH 0V, B™ >6 ppm TidIH v KR AFRAF
FTHHEWNA F A4 MK B*<1ppm TIHHALO o
Bics T 5. Zo8MEE{LIE Fig 6 (SR TREdRE
DEALIHIE L, B* o#inctE> T e MBI T 5.
ZhiE BY oBINCHEY v o BEEIRE HMEE M~ AT
L, a DEFZOBEML MBI ETT A5, &6

5 —
€ - o
24
@
e 3
e
o
L2
5
e
1 1 i A 1
-40 -20 0 20 40
g" (ppm)

Fig. 6. Effect of calculated free boron (B*) on
ferrite  grain size of  0.03%C-1.50%Mn-
0.15%Mo-0.07%V-Nb-Ti-B steels.

2, B* 28N A &, NA 54 MEERICEILL, &R
HERORTEI LB L ICRETS. L, B
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