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Refinement of Boride by Rapid Solidification in Boronated Stainless Steel
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Boronated stainless steel containing up to 2 mass%B, which is used for storage and transportation of spent nuclear fuel,
has been well known as a poor workable material with large volume fraction of coarsely dispersed plate-like borides.

Rapid solidification processes were applied to boronated stainless steels for refining borides and improving ductility
and toughness. i

Borides were a little refined by the casting process using a water-cooled Cu mold. It was found that boron almost
existed as solute atoms in a nonequilibrium state for as-solidified powders produced by N,-gas and water atomizations.
Fine spherical borides precipitated during HIP treatment.

HIP compacts and hot rolled plates processed from gas atomized powder exhibited a microstructure with finely
dispersed sperical borides below 3xm in diameter and had superior ductility and toughness. Furthermore, it was found
that refined borides also improved the corrosion resistance. A phenomenon similar to crevice corrosion was considered
to occur at the interface between coarse plate-like borides and matrix.
boronated stainless steel ; boride ; rapidly solidification process ; atomized powder ; ductility ; toughness ; corrosion ; HIP
treatment.

2T HEHRET 5,

HAE P 3000 2 FHLEE % B 2 (S AEHI R 2. &GS E
D—i@%12E - T b, 2000412121590t 2 L THIS
LT 50, HE AL ORI AT 5 129, #vhif 2.1 HEM
FIRIEED T AR e > (B) # 2massBfRE T TER LR Table 1 {2 VT2 EM O BE HE, (LR %R T $EE

FULVRER GBI — DS v M, HBILERF Y R
ZDNAry MMELTHEHTAI LT, SHRERET 5

FHEED G T 5,

BEFAT v AL, B THOE-2 v 2Ot
[(Fe, Cr),B] »¥H Kzl TxbH, —fxIZHEM (L
‘m,w@uztwwum¢@wm%iﬁlﬁummT5
D, Z OWGIMLI IRBEE R OWMEEEZ 25 2 2 L35
RIGEF 2 6N B, Ball, BARFCLZ2BEFRT v v A6
PRI N, B BMEYREmEL Te 5 2 LG
INT59 LL, Z2DHEMEECO TR0
oIz 3nTV v,

AREIRE T, BE&EA 2 7 > v AHOWA LB FiE T
FEERF O AR DR, R, [UEBER 2R L
RO BRI LRSS o THRET L o, 272, BT,
FEERE BT T Lo L R c o T A BET L T2, 8
O, BUERER P B L LICBEE AT > v AHORT &Y
CEUMGET LICRER, #imAY BT, 28ic

DM EIEEL B A L L T,50~150kghH &R 8AA
CHMRE 72, BEFERIL, 0.229°62.0lmass% - &1L
B/, 27, BEBLCTEHCRIEEXG5 0012,
Ar7 — 7 ERRIFTHRIER L CuKifsR dhTHERE 8 € 10/ BY
i (20mm/E X 40mmiE X 130mmE) b HE L /2, 36142,
SO ECRABEPIARFSNLIERI AT =4 X, RUF
KT b= A4 RFETHEE L I2BE ~42mesh (351umBLF) @
SHEEER P ERM LIS, AT V=4 BT, BEEEY
0.79% 6 3.70mass% DHIPH T EL S ¥ 72,

LD AR 2 S O LR L B E %, 1200
MPa, 1150°CT 2 ~ 3 RFRIRFE & v 3 R THIPRHE L T
fRNR & U7o, BEER 2 1150°Cl hughtk, BFLE L, SR &
L1,
2.2 SAtRo I oEBBRERUSEFHE

7w R, 10 ERE T v FRRICEE L T2,

150kg8fRDT > N7 4 b 2:K7 — &%, 1/4thrEC#l
ELT, 72, £EFE T (SEM) # He, BRSA

ERSFEO A 3 HEAT P64 2H 4 HZE (Received on Sep. 3, 1993 ; Accepted on Feb. 4, 1994)

*  NKK#EA

MOEHEATHIZEAT (Materials & Processing Research Center, NKK Corporation, 1 Kokan-cho Fukuyama 721)

* 2 NKKEBIAMAFFCAT (Applied Technology Research Center, NKK Corporation)



BUHEEEIC L 3 BEFA R T v v AMOM LA

Table 1. Chemical composition range of boronated stainless steels used in this study. (mass%)

Solidification form B C Si Mn Cr Ni T.N T.O
Ingots 0.22/2.01 0.03/0.06 0.3/0.4 0.9/1.1 17.0/24.7 9.7/12.0 0.012/0.020 N.A.
<150kg> (1.35) (0.03) 0.3) (1.0) (18.7) (12.9) (0.015) (N.A))
Ingot in Cu mold 1.40 0.03 0.5 1.1 19.4 13.0 0.014 N.A.
N, gas atomization 0.79/3.70 0.02/0.21 0.3/0.6 0.3/1.1 17.3/19.6 12.6/13.8 | 0.021/0.049 | 0.005/0.031
powder (1.28) (0.08) (0.6) (1.0) (19.6) (13.0) (0.025) (0.009)
Water atomization 1.24/1.40 0.03 0.5/0.6 0.9/1.1 18.0/19.8 12.6/13.7 10.023/0.027 | 0.358/0.460
powder (1.40) (0.03) (0.5) 0.9) (19.8) (13.7) (0.027) (0.460)

/ : Composition range, () : Base composition, < >:
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Fig. 1. Heat pattern on tensile test.
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N.A. ! Not analyzed

a)150kg ingot b)Small ingot cast in Cu mold
c)Gas atomization d)Water atomization

Fig. 2. Microstructures of ingots and powders on
1.3-1.49B stainless steels.

a)Gas atomization b)Water atomization

Fig. 3. Microstructures of HIP compacts in 1.3-
1.494B stainless steels.
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B content : 1.3 ~14 mass%
—e— HIP compact of gas atomized powder
goL"°" HIP compact of water atomized powder

--# - Ingot cast in water-cooled Cu mold
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Fig. 4. Reduction of area by tensile test at elevated
temperatures.
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rolling direction

a)150kg ingot b)Small ingot cast in Cu mold
c)Gas atomization d)Water atomization

Fig. 5. Microstructures of plates in 1.3-1.4%B stain-
less steels.

ERRR), BRIESAML E b2, BR (B [mass%]) & Wik
PR (V (%)) ORI (1) RNOBEYD IRIERIL L T2,

V=15-B—0.5 (B :0.5—2.0mass%)

Fig. 6 2, HEia{t#0EmE OHRDOBRE & ZEE, #EDORM
B%IRT, PEREHMIZILSR, FRAT b= AR ERM
CLICERR T, HROME, v ov © — IR T v X —
R ELT w5, L L, K7 b=A4 IBERHM
L ICERR T, b O kI ER I I b DD, fE

50 T T T T T T
® Gas atomization
5 40r © Water atormization]
; 30+ ® 4
oY i P/M
S 20 < .
>
10| c/p \ b
—_ o
o 1 | — 1 I
50 ———————————————
P’M : Powder Metallurgy
40r  \a  C/P:Conventional 3
— (]
& 30r ,\.
e P/M ]
:‘J 20} -
jo} c/P \ .
.\.
o 1 1 1 L n 1 "
0 [ 2 3 4
B (mass %)
Fig. 6. Elongation and Charpy impact energy ; vE;,

of plates at room temperature.



a)Conventional
processed plate.
b)Plate from gas
atomized powder.
c)Plate from water
atomized powder.

Fig. 7. Fracture surfaces of Charpy impact test
pieces in 1.3-1.49%B stainless steels.
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Table 2. Pitting potential of boronated stainless steels.

Plate V’i00 (V vs SCE)
. Solute | 3.5%NaCl | 5640ppmH;BO,
Process Sélr?‘lmécs?tlion Cr —100ppmCl-
P (cal)) (30°C) (80°C)
P/M 19.6%Cr—1.28%B | 12.8% 225mV 511mV
19.4%Cr—1.70%B | 10.4% 175mV 433mV
C/P|18.7%Cr—1.35%B | 11.5% |—10~30mV 315mV

P/M : Powder Metallurgy, C/P : Conventional process.

Solute Cr content=[Cr]—5.3[B]

[Cr] :Cr&FBE (mass%), [B]:B&HRE (mass%)
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Table 3. Approximation of cooling rate.

Method Cooling rate (°C/s)

7.4X102~4.5X10* ave. 2.5X10?

Gas atomization

Water atomization >108
150kg ingot 7.6X107!
Water-cooled Cu mold 2.0X10

T b 105°C/sLI LT3 & 7z L#EE L, Table 3 OFE

L1
4.2 SERERICET DBy Mm s

e S R SEMBIZE T 1%, s B oh - ML O
HWHSHISR E L e o 70DT, XAREIFIC & W e L7,

150kg8f B R UA 2 7 b = 4 TR OXHRIE T F v+ — b #Fig.

8 (2T BEMEE - TR L BT & 12150k g8 LD F %
— M2, y-Fe®D =20z, BELDODEY—2HR LN
B, THLDY—21%, Cr,B (M O@F) $Fe,B (K
DA OERFHED L ZE—HLTE Y, BEAAT Vv
2P O L M —2Th s LHRTa L5,
5, HAT h=4 BT, Cr,BOEHE—257d- 5 b
EHRNL G, R b= A XBTH, AT b=4 Xf LI
B,y O — 2120 P B o v 2 AR TH - 72, &
612, 5%aVEALR 7 —nC Lt AR EOXIRIANT S,
1.4%B&H 2 7 > v 2 150kg# DB A 121, Cr,Bii—3K
LIclldf Y — 2 2 AT 5 WE» b s e hs, R RO
K7 b= A BOBAITIE, BRETORBRILY TS h
BICHTHY, WAL DFEEED o d - 12,

Bl PECKREECIXEARE D 0. 01%FEE L BHA L gk
LEDLNT 24, FEEHBE L4 IBONEYADEELS
L, #9102°C/sEL L D@ M THER L e A g, KBSy
OB, AT OIKEE, T bbb, EEKED: FTERS
THLREANILDEHEES NS,

SGEEEER AR CBY IR TEORETEIA L Te 3 4 61,
mEC X T T A2 ETFRENG, 22T, VAT b

150kg ingot
(.4%B stainless steel)

Target : Cu
Full scole : I00Ocps

aFezB
oCr2B

e

20° 2% 30° 3B° 45° ° o
20
Gas atomized Torget : Cu
powder Fuli scale : 1000 ¢ps!
(L.7%8B stainless steel) o o¥-Fe
a Fe:B
® Cr2B

-3

20° 25° 300 35°

35°

50°
26

° 70° 75° 80° &°

Fig. 8. X-ray diffraction charts obtained from as-
solidified ingot and powder.
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a)750°C X3h  b)1100°C X 3h

Fig. 9. Microstructures of annealed gas atomized
powders in 1.79%B stainless steel.
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Fig. 10. Relation between annealing temperature
and boride size in powders. (holding time :
3h)
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Fig. 11. Pitting potential of boronated stainless
steel (B-SUS) and B free stainless steel (B-
free SUS) in 3.5%NaCl solution.
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Fig. 12. Polarization curve for boronated stainless
steel plates in 3.5%NaCl solution.
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