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Effect of Boron on Hardenability of Al-B-N Low Alloy Steels

Synopsis:

Ryuichi HaBu, Masasuke MIYATA,

Shoze SEXINO, and Susumu GODA

The effect of boron on hardenability was studied in Al-B-N low alloy steels. It was clarified that the
effect of boron on hardenability depends upon the amount of soluble boron which is in equilibrium in au-
stenite and that the maximum hardenability can be attained at 3~5ppm soluble boron. Based on the equi-
librium theory, the amounts of Al, B, and N which can bring the maximum hardenability were calculated.

It was concluded that the addition of 0-06 to 0-089%, Al gives rise to the maximum hardenability due
to boron even with considerable variations of B and N content,

(Received Jan. 9, 1974)

1. #

1952 48, U. S. Steel #%% 80 kg/ mm? £RoD i8S
RAEM, T-1 @EBAR L0282, BEATD, &
*—H—T T-1 oD 80 kg/ mm? fREFRNMHSEFE S
H, MEINBZCEIR. ILHIE N ZEERY, &
M T Ao HaS SR #ic 7z 80 kg/ mm? £E3A % B8
IhY, ENER, EEERL SR BRI TER.

zh b 80 kg/mm? {LMBAZE D 140, ¥ B APk (KR
C\IEBIGRFT) kv Cid, Fig. L imTL57%, AR
OBk HH5HENTEREINLY. Tibb, Fig. 1 »
LIALIR LS, BANh, BELELEBOY v L E—T
HESERE, Trs X, Al OEMIT X > TAKCETL,
—f&F v KO 2~3 fEORMTCREIEL, 5K
Al #EETEHIC ERT5. Led, T BDEELRLD
Al OBBERMEEETS N OEE2Z, N H»SHmn
THERBEAIEDEMLTCWS. 2D X 57k Al OFhE
Ve, SEERNALERKO 1ok, Know
How #ilf& LCRFFEh, EfishT&k. Alozo
X 57BRE, H¥l, Al Byoshiy, AN ophRih &
E 2 ORHPRAL SR, BRAHMEEZE 252 &k
TELPDR. £ DH Al PRBEECH Vv EEAR
HETL, #EANTRERC I OTHEHERERSLT2 2

T

EDHIEAL, Al OZRIIBARE BLALDDTHD T
EMbmpoi. L LESBD, BARDZE{LE Al B
OEIRED L LTHAL, Fhick->T Fig. 1 © Al 0
A HATH Z L EREETHO-.

—7 80 kg/ mm? $EEMIC gL A e B D7 B A3
XhTky, £/, BoPEC Al, N 3845z

C;Si'Mn’P S {CulCrMolaiT N
[So0s-]
"}’[?ﬁ"’/”’%m o3 022 ~

017 0vs| 0018 T017| 030|110 045!

-40
-50
-60
-70
-80
-90
~-100
-i10
-120+ 00I5/0c20n

A

vIrs (°C)
] T T T T T

T

1 1 ! I
0 002 004 006 008 O'I'O 0';2 O‘II4 ole
Al (wr%)
Fig. 1. The effect of aluminum and nitrogen
on the V-Charpy transition temperature
(,Trs) of quenched and tempered high
strength steels.
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Table 1. Chemical composition of steel plates investigated (commercial heat).

(a) The aimed range of chemical composition.

Range of chemical

composition 0-14 | 0-20 | 0:80

C Si | Mn P S Cu | Cr | Mo | Al B N
- _ |0:25 | 080 | 043 [0:050 |00 0] _
0°16 | 0°30 | 095 035 | 0°95 | 0-53 | 0-080

(b) Conditions and ladle analysis of the steel-plates investigated.

Heatt | P2t | Gondition| C si Mn P s Cu Cr Mo | Al
(L B) 30 mm| Asrolled 0-15 0-26 0-84 0-013 | 0-006 0-30 0-90 0-48 0-048
(L D) 30 As rolled 016 0-22 0-95 0-016 | 0-008 0-31 0-93 0-45 0-045
(LE) 30 Q. T. 014 0-26 0-30 0:015 | 0-006 029 0-94 045 0-054
(LH) 27 Asrolled 0-14 0-25 0-91 0-016 | 0:006 0-29 0-94 0-45 0-073
(L 1) 27 As rolled 015 0-27 0-87 0-014 | 0006 0-28 0-83 0-47 0-038
(LJ) 30 As rolled 0-16 0-25 0-84 0-017 | 0-006 0-29 082 0-45 0056
(LK) 35 Q. T. 0-16 0-24 0-88 0-015 | 0-005 0-32 0:85 0-45 0-033
(DB) 35 As rolled 0-15 0-23 0-87 0-012 | 0°006 0-28 | 0-89 0-50 0-067
* (L++) : 60t LD converter, (D:) : 60t Electric furnace.
Table 2. The aimed chemical composition of the test steels (vacuum, laboratory heat).
Heat C Si Mn P S Cu Cr Mo Al B N
(VA) 0-060 | 0-0010 | 0-0060
(VB) 0-040 | 0:0050 | 0-0060
015 0-25 0-90 — — 0-28 0-95 0-40 ‘
(VN) 0-040 — 0-0060
(Vw) 0-020 — —
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Fig. 2(a). Jominy hardenability curves of the steels obtained from the commercial heats

(Ref. Tab. 1).
Austenitizing : 920°C X 20 min
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Fig. 2(b). Jominy hardenability curves of the steels obtained from the laboratory

heats (Ref. Tab. 2).

(1) : Hot rolled after 1250°Cx 30 min slab-heating.
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Photo. 2(b). Distribution of boron in the end quenched Jominy specimens.
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DOEMRD RS2, 775 L, Al
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SwdHich, BREMIT, Thrnsiickd b,
log Ky=log [Al]-[N]=—7 400/ T +1-951 ... (7)
log K;=1log[B]-[N]=—13970/T+5'249...(8)

- ChIE3IFEHOREREE LG .
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7% Fe-Al“B-N (2 AT E 5.

REELTWEZ ik b ZOfER, ALB Mo

ZHW

BOFHZERTHLOT,

BARMETHD T LD

FLELE LTHFZINERELDTHBEEELZLNS.

LZAT, DEDHRTIE, O (BE) OYELERL
Fo. TRIXBOOLOFEANH Si LA LS, 4 LBV
LEIRTHO®, SEOURMITIE, BLoizssrics
W Si, Al BSIEMER TV DT, B0 LS LTk
O BEAMRM LSRR RS LR VWE ExTh b Th
A. . o
ET, (D~ (@ DELHRA LML i3, AL B,'N'D
WD EHE L KD B UENRDS. THIEISHEICKD
BT EMTE BN, ST X Dk Al iKid ALO; &
oT, N roRficls Licwvw Al EEhCtns.
ZDid, ALO, i >Tn5 Al 3k, ZhEBEwv
bo Al BCRHEHEERTRETHS. ALO, LigoTW
% ALVE, SATECiY,: B (WiER) Fisto Al (insol.

CAD ELTHkDBRSA, insol Al i3, . k& 5}&%

LT, EHMCETRERLSS AN $4EhT05.
L CEREOAEE % NaOH 38 L, AIN 234
D LT, ALOy Ei5DT w5 AlOEERD T Hiz.
Sir 4% Table 3 10RT5, BARED Al HikE b T
bIFrTHY, NaOH ciusidhid, RED Al il E

Table 3. Examples of chemical analysis of aluminum, (Test sample (DB)).

Trial No. 1 2 3 4 5 6 7
H,SO,-sol. Al 0-052 0-052 0048 0-042 0052 0-044 _0-048
7 —insol.Al 0-003 0-002 0-002 0-001 0-002 0-001 + "0-001
NaOH-insol. Al . nil nil nil nil nil nil nil
Table 4. Sol. B, boron hardenability factor calculations.
Check analysis (wt 9) Sol.B¥1[Dyear*1| Jp*2 [Dions. | Boron
Heat :
C | Si [Mn P S | Cu|Cr |Mo| Al B N [(ppm)|(inch)|(inch)|(inch)| factor

(L.B) 0-15/0-26|0-89| 0-014 |0°007{0-27|0:82|0°44{0-071|0-0010{0-0074] 3-7 | 4-94 | 2:52 | 700 | 142
(L D) 0-1710-25/0-96| 0-015 {0-010/0-28|0°83|0°41(0°052|0-0007|0-0061{ 2-7 514 | 1'6]1 | 584 | 114
(LE) 0-15(0-30{0-93| 0-014 [0-007/0-26|0-82|0°42(0-077]|0-0011{0-0088] 41 i 5°03 | 2:20 | 6.60 | 1-31
(LH) 0-14(0:29/0-95| 0-016 {0-008|0-25|0-87|0°42(0-093|0-0008{0-0092| 5:0 | 514 | 1'57 | 577 | 1-12
(L I) 0-15(0-27{0-91( 0-013 |0-007,0-25|0-81|0-44|0-055{0-0015{0-0063} 3-0 | 5-31 | 181 | 6-12 | -5
(L)) 0-16|0-27|0-80| 0-016 |0-007{0-26(0-78|0-41|0-072)0-0010{0:0172| 3-8 | 4:87 | 1-71 | 5°99 | 1-23
(LK) 0-17(0-25:0-89| 0-007 {0-007|0-30|0-80|0-44(0-036/0-0013|0-0113| 1:3 | 487 | 0:51 | 305 | 0:63
(DB) 0:1310-25{0-90| 0-005 |0-006{0-26{0-87{0°45{0-051{0-0011|0-0092| 2:4 | 419|181 | 6-12| 1-43
(VA 1) |0-15]0-27{0-87(<0'005{0-009{0-28|0-93]{0-40|0-063|0-0017{0-0067| 3-4 | 4-51 | 118 |4:95 | 1-10
(VA 2) |0-15{0-27/0-88 4 0-009{0-28{0-93|0-40(0-064|0-0014|0-0065| 3:4 | 4-55 |>3-15{>7-00/>153
(VA 3) |0-15]0-27{0-88 4 0-009{0-28{0:93|0-40|0°062(0-0013(0-0065| 3-3 | 455 | 2:17 | 6°57 | 1°45
(VB 1) |0-15|0-26{0-90 v 0-009(0-28{0°93(0-40|0-044{0-0050(0-0058] 84| 460} 146|568 | 1-24
(VB 2) |0-15(0°27]0-91 7 0-009{0-28{0°93{0°-41{0°045|0-0052(0-0059] 9-3 | 488|104 | 4-49 | 0-92
(VB 3) {0-15|0-26{0-91 4 0-008!0°28{0°94(0-41|0°046(0-0057[0-0055| 162 | 4-77 | 1-24 | 5°11 | 1-07
(VN 1) |0-16|0:26|0°91 4 0-008|0°28|0°93(0-41(0°045|0°0005(0-0059] 2-3|4:88 | 0:39 [ 253 | 0-52
(VN 2) {0°15[0-27|0-92 4 0-007|0°28(0°94(0-41|0°047|0°0005(0-0057} 24| 4:87 | 057 | 3:25 | 0-67
(VN 3) {0-15/0-27]|0-92 4 0-008]0°28{0-94{0-41|0-045|0:000610-0057}; 2-3 | 4-84 |1 039} 2:53 | 0-52
(VW 1) 10°15{0-27|0-92 4 0-007{0°28/0-94{0-41{0°023|0-0010{0-0013} 51 | 4-87 | 1-77 | 6:06 1:25
VW 2) i0°15{0-27(0°92 4 0-007|0-28/0-94/0-41{0-026(0-0006{0-0024} 1-8 | 4-87 [ 1-65 | 597 : 1-23
(VW 3) |0°15/0-27|0-93 4 0-007{0-28 0'9430'41 0-020|0-0008{0-00t5] 3:6 | 4-90 | 1-63 | 5-87 1 120

*1 Calculated at 920°C;

¥2 Following Grossman’s method167;

— 54 —

*3 50% martenite Jominy distance.
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7o ds, Dp {EOEEVE GROSSMAN D HEEIC L7zAS 19,
Al, B, N BEBBORZE L THRAMKICRELTWD
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~¥5E Fig. 3 0px5iciks. Fig. 3 wksE, BA
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FTLTwb. #7-L, Fig.3 whiEAYKEiELo&H
5. Tihbb, EFEBE2 Sppm i BOZHRD
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Fig. 3. Boron hardenability factor as a function
of the calculated sol. B in equilibirum
at 920°C.
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ATV, BoREmmEo#incot, AN 25D LT
5. ZhiEBA Al X h3gfi7s (bR TTETH D7
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BEx—ECROBEEAZLTVWS VLS. EHITB
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Fig. 4 @ Al=0'0409, N=0-00609% o@lict5 k5
W, EEBAAITS. o, BEANYEX AR
FVZ, 2¥0 3 oBENLEE LK.

i) /ogE/c%, BIABEVPEEED 3~5ppm L5
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E) CEBBEMNENLL, BEBEBEARE LTER
W OMFICIND B & & W8T &7 GhHEFREE)
i) FEEBESE#EE K LCERM TS, A
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ii) [EE B 2:EFE 4, B-constituent » Xifh 3
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Fig. 4. Amount of the calculated sol. B and AIN
in equilibrium at 920°C as a function
of a B content.
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3~5ppm MEELTELNS Al, NO#HAESHE2E
W5 ZOXWBREEREM LTS BN MY %
DHTHBH»EH, 0°0010%(=10ppm) & Liz. ZDRE
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T+%%%ﬁ%ban,+ﬁkhmgavK6 Fig. 5
WX B% 10ppm & L, 920°C iz &1} 5 FistHOBES
AN ERTR LD D TH 5. Fig. 51Ty, BITOBK
Foe 21T HNOHFEE LT, N=00040~0-0120
%®RT Lchs, TONEIHL, Al 33 0:06~0-089%
bhiZ, EHEBEIT 3~5ppm OBEHEHICHE 5.
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x%5. Ly, Fig.5p5bd5X5ic, Alj0-060~
0-080% TaHhiE, N4y 0:00l9 DALT AIN H4FH
T5. o, Fig. 4 T LI X 5 ic, AN O
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Fig. 5. Amount of the calculated sol. B in
equilibrium at 920°C as a function
of Al. N contents. Boron content was
assumed to be 0-00109, (10 ppm).
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NEDDTHS. BMAKA ECES LB, A—27F
4 MRTEBLTVWEBTHHZ &4, BEUIEDO L
MR CFR S N ie 3 59, EiEBE & FEAKEE & O
REBEERD LRI L Dlrv. ZhIZER B 2454
HNCskD B & LS EER 72D TdH B . SeoeH813 ALT
TEHBEL, TiTNEZEZEL, RMEShiBii
TEBT5&t0d & T, BommE LiEAkREED
BfRERELTVE. Simcoe 51z XhlE, BEAMICE
XETBORHRE 3~4ppm DBETHRKXELD, Fh
BLETWwa90i, LT TRABIKETLTVWS. 20
VA D Fig. 3 SHIEMIZ D —FH LTV 5.

F7c Suyne2® 50X, [EE B 2 PEELATAEY, BEBEI4&
=R3TBLEEL, WBEXrOEBEBRELHEET HHEE
T, BEBEEBOR EDEGEERDTWD. FOkE
RickhiX, EEBE 33 ppm THEFGHEE IR/
YD, TRIFROBRL I —FHLTWE. DX
24T, FPHERRIC XD T EREE L XL —FHLT v
5. D& Fig. 6 1xrpjFE (Ser4) T, Al OifnE
& BOBEAMRER E ORGRETRTHOTH ™. Fig. 6
2B DFhEH Al=006% TREFIC LR TS LR
LTws. o Al #13, FH@ms»5TFHlshs. B
HELTHHRE EFT 510 LER Al B —FLTW

|

I L L 1 + 1 [l L s
005 o110 015
Acid (10% H,S04) soluble Al, (%)

Fig. 6. Effect of aluminum addition on boron
hardenability factor in hardening steels.
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Fig. 7. Relation of boron hardenability factor
(fB) cstimated from the calculated sol.
B and V-Charpy transition temperature
(+T,s) in the steels shown in Fig. 1.
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Uiz Al D3R E LCHHTEEZSTHS. £ ZTN%E
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RICREI L, £ b0EBOBREELRL LEDCD
LXnTwBD, ZoAlE Fission Track Etching T X
LBOSHOBEILSTS b3 bh5. LThid,
AN B XIET BRI, Fig.3 ox 5%, EEB
D EEBECEETRE TR, HE WRORET
BT ETHD EFIBND.

FITUa i =—RETAH—AFF4 MIERHEEL

i) BEB (PEE) TR RCFETYT 5

i) A—2FF4 MERRET, NAOIEE 100 F

A2 kg —h

LEEL, RITIRESHSE LTAHAL ZoOHER, 55E
W RE K B &, EHmE 25700 HED
HhDTH5. HEOER%E Table 5 iz, B OFEALS
®r, FRBTIRED HEEE: OHR%E Fig. 8iITRL
7-. Fig.3 ¢ 2'5ppm FiZDOEHE B R T, BeAMEmM kT
KEhEDHD] (LD), (DB) & (VNI~3) &3,
Fig. 8 TiX, WRIBETIEOXVERDD, Likho
CHAMEHTLEOD S 2HIChbrnd. Zhvpb,
BEAMEIC RS XIETBORE BOEGEE CHRMT LD
VbiE, —IELTH D, F—AF F 4 MRRA~ORET
RETEETSHFPELVEVS ZLEMATEXS. L
0T, RIFRECKIIETHGNOXEZOFE 2
L, EHRETEBR LT L, Fig.3 kkiFsiEb
SEDEERO 1 opBboltHirbhs.

¢ = AT, Fig.8 Ti& Fission Track Etching it X %
HEERE» L, BORIRKEBIC XS 7 — 2002~
"#z. Fig. 8 i XX, BORITHEED LRIVIEE, B
DOFhERL L, BAEKEMCRRCRmTT5 &, Bog)

Table 5. Estimation of grain boundary
boron concentration.

Heat Diops-/ Sol. Beai. 76.s* Cg.g**
Dicar. | (ppm) | (ASTM) (%)

(L B) 1-42 37 7°9 0-206
(LD) 1-14 27 41 0°560
(LE) 1-31 4-1 81 0213
(LH) 112 5-0 7:8 0-288
(L 1) 1:15 3-0 73 0205
(L ) 1-23 3-8 89 0-149
(LK) 0:'63 1'3 89 0:051
(OB) 1-43 2-4 3-7 0:572
(VA D) 1-10 | 3-4 9-0 0-129
(VA 2) 1-53 1 3-4 8-5 0-154
(VA 3)! 1-45 3-3 8-7 0.139
(VB 1)! 1-24 8-4 8-6 0-519
(VB 2) 0-92 9-3 80 0-500
(VB 3) 1-07 16-2 79 0-901
(VN 1) 0-52 2-3 9:3 0-079
(VN 2) 067 2-4 92 0-085
(VN 3)° 052 “‘ 2°3 9-0 0-087

* austenite grain size pumber (ASTM).
** grain boundary boron concentration.

¢ No segregation
© Segregation
* Precipitation ot grain boundary

o

Do/ Drca.
S

Boron hardenability factor

| - ] 11 i H i
Q1 020304 0506 070809
Grain boundary boron concentration, (%)

Q
)

Fig. 8. Boron hardenability factor as a function
of grain boundary boron concentration.
Grain boundary boron concentration
=s0l. Bea1./Grain boundary surfacex
Boundary width (100A)
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¥, B-N OFHREFE I TEE B 883 E5RTT
¥, B, NOLTH»OEEF FHEOEEFZL/AEL,
L7ehsoT, B, NOSHBRELREHEFTE O RCHE
THEEZLRD. LB, NBEYBITEWEA K,
FOEEMRKE V. RBT AIN BFEE LR WEICY
50, BENYED EimEhTws (VB) &, &
N {LT AIN 23 Ly (VW) &2 ThH5H. Zhbik
Table 4 THB L, L CEBBREOEEHHKE .
Lictdo T, I&ICgHiLA (VW2) o BEOFE
Eh (VWIL), (VW3) iti# L TRIBCARvD b,
B, NOSH{HOLEHBEE LERTHL LV 2 5.
DX ONF— 2 wEATWEZED, Fig.3 oiEbo
X AELLTWD. ZOk®, ELKEBHD KEL
(VWI1~3) 13 Table 5, Fig.8 7 B\ 7z (VB1~3)
LB RETHBD, ZOHE, PEHLRKBENKED
LredmEh <k, 10ppm FEOBENCEESH
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