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Influence of Aluminum and Vanadium Content on Mechanical
Properties and Microstructure of Ultra High Strength Steel
Kenji SUGIYAMA, Hiroyuki TAKABAYASHI and Shigeki UETA

Synopsis

Although the strength at room temperature of ultra high strength steel (UHSS) is the highest of all alloys, the ductility is better
than that of any other alloy. Moreover, UHSS is easy to forge, since hot workability is good, and to machine when softened by
proper heat treatment. So, these alloys have been used worldwide for aerospace, marine vessels, power plants and tools.

Since UHSS is strengthened by using fine precipitates such as NiAl, it is estimated that Al content affects their microstructure
and mechanical properties. However, the effect of Al content of UHSS is unclear. In this study, microstructure observation and
evaluation of mechanical properties (tensile test and fracture toughness test) at room temperature were conducted to investigate
the role of Al on microstructure and mechanical properties. V effect was also evaluated because the fracture toughness value falls
as tensile strength rises.

As a result, NiAl precipitates were observed in UHSS and could be enhanced by increasing Al content. On the other hand, the
fracture toughness value fell as Al content rose. However, it was clarified that V has an important role in microstructure and
mechanical properties. The block structure of martensite became finer if 'V was added to UHSS, and the fracture toughness value
was accordingly improved.
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2. 1 @HEH

Table 1 \ZHEEAM O 2R T, HEAITEEH (Fe-
0.2C-14Ni-10C0-2.5Cr-1 4AMo-1Al, mass%) % \— A 235
L, SMELO7® Co BA =L HIMS & Ni & & %
DEEFz 72720 NIALITHNIC & 2R L2 T & %
L9, RALMIEROCE (C Cr, Mo) O&EERIT—EL
L, AI&EEE% 10~ 1.5 mass% (28N & 87> Steel-A ~
CHhEFIL72. 22T Steel-C Tld Al G HEDE R
BRELSEATLZENFRENDD, WIEHEAT
BEINDTDH, WEBEITEINS Steel-C 125 LT
SR & D B L & JH o 7 Steel-D % Hafi L
7o, RS LI ISR C o ERICEN S V AL
WX DR RO LIk EEZ T
BAALER T BRI X ) VAR L MR 125 mm, b
£ 150 mm, S 380 mm D 50 kg £~ T MIHE L
7. ZFOGRSHER ORI 2 i LE—2lke B 5
HEJT, 1473 K T 864 ks DIJHLBILE % Ji L, #H
HAEIZ X D 70 X 70mm OB B & T 22 mm DM IZ
L7,

Table 1. Chemical composition (mass%).

Material | C Ni Co | Cr | Mo | Al V | Fe

Steel-A |0.22[8.80({15.01|2.45|1.40|1.02| - |Bal.
Steel-B |0.22(8.82|15.01|2.45|1.40{1.25] - |Bal
Steel-C |0.22|8.82|15.01[2.46(1.40{1.50| - |Bal.

Steel-D |0.22|8.81[15.02|2.46|1.40|1.50|0.20 Bal.
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AT AR E F B8 (SEM © Scanning Electron
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Energy Dispersive X-ray spectrometry), % i %l B 7 5H
8t 8 (TEM : Transmission Electron Microscope), 3 K
JC7 b A7 E—7 (3DAP : 3 Dimensional Atom Probe)
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B\ T % J7 5L Il 7 (EBSD : Electron BackScattered
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Fig. 1. Phase diagram calculated with Thermo-Calc software.

GO0 173K & #E L7z —JiC Steel-D |22 Table 2. Transformation temperature (K).

TIEVC 2RI T 5720 VC BEAERE (1300 K) LLFT atoral o T . -
TOMORALY MoCH, MCH) FEELTNAS Steel-A | 526 306 946 | 1112
EAEFE L\ Hiak T L7 Steel-A ~ C OEMHALL Steel-B 535 320 931 1090
B (1173K) &2 O&MZ 729 720 Steel-D b [7] Steel-C 537 308 937 1108
SR L7z Steel-D 545 300 955 1120
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L7z, B LB OMIE L Fig. 2125805, ”“ﬂ:%:?ﬁ*bf’
A Fig. 3 ICiA M Lo I 7 oilifks L O SEM (SUHET
Soltion reament {%) -BDX ﬁ% PR, BRMIEATT AV LT VA
MK TH B Z LR SN, Wb SR 50
g um FECHEETH D, F72 Steel- A ~CIZBWT 1 pum 2L
g Aging treatment TONHEYH»HEFE S/, EDX IZ L ) BAHOGHHRER &
g 723~823 K x 3.6~32.4 ks/AC g5 e, ZoribWit Mo x £ ITHR & L7z kb
2 WThHy, IREMABEOHREZEEIZATEZLEMLT
B EWESINSL. F72 Steel-D T FIZEEDHT i H3HE
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\ / Time Aﬁa‘% bOOMLCTHDEEZBNL. HBEH
Sub-zero treatment H( SEDATHATT RS AT VC 1220 TIRAFAEDTRE
173 K x 3.6 ks/AW D5 ﬂru;cw. D0, EHRILHETI Steel-A ~D 2B
Fig. 2. Schematic diagram of heat treatment. F B RAL O 2 ZEIIEEO ST, BRREEB B

CRFBEORRIZ 72 EZ NS,
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Fig. 3. Optical microstructure, SEM image and EDX of supplied material after solution treatment.

WIZ Fig. 4 I[CHEMMEB L O 7P 0 LG O X B L
OB A — AT A FEERT. WO E kL
BOMSBLUORE A — AT 1 MEICHERZRIE R
V. o TR ORMEOHPATIZIAIBLIIVIZL S
FEBALIZERD SN W E2V%5n5h. 72 Mg mIEE
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wld4~5vol. % &A%, FTEOMEZTIESSHIC
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Fig. 4. Hardness and volume fraction of austenite after
solution and sub-zero treatment.
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Fig. 5 \CHERPALERAE < 2 7R3, Weshfs (723 ~ 823 K,
36 ~324ks) TR 7P¥OBEHBLTHEAR LA
THBY, 2WEEAZDOLNE, BRI SIE 773K ICE
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DEHEIND., T2, WSITAIFEEIELL, VIR
MLz DTEL b2 L5 h5.

Fig. 6 ICB¥ %)% (823 K, 324 ks) DA — A7+ A b
HHRY. Table 2 TRL7Z Ay HOFERL L FHEINS
£, &b Ein R R R ALE I B\ T b R LB A
BCEF—ATF 1 " ERELL BN ENGHh 5.
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o I
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Fig. 5. Relationship between hardness and aging condition.
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Fig. 6. Volume fraction of austenite after solution, sub-
zero and aging treatment.
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TdH 57205 [BRABRITERRISM (823K, 3.6ks) 12T
EREL7z. LA L%H5 Steel-C B L D TId A T EK
Wre 2 DEHtis 5 2 L IIREETH o720 ZAUTBERR)SE
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BLUDTIZ 823K, 18ks [ ZTHRILIEEAZFEMmL, Al
EAEMING & 282 LIL Steel-A B L OVB, ViR
12 & BEFEZEARIE Steel-C B X UV D I CTERfi L 72,

Fig. 7 ICHRE CEM L 25 ERBERZRT. &%
D7z OB & WA NIAL I Tk % X o 72 18 5@ 8 i
(Fe-0.2C-14Ni-10Co-2.5Cr-1 4Mo-1Al, mass%) DT — %
#[ABEIZRT. Steel-A BL U B IZBWTIE Al &4 =1
M2 & D 80 MPa OF [5ER S [ EAHERE SN D, Steel-B
Ti& 2400 MPa Z B 2 55 |ifkid 25 S, BIRW O H
TORELVNIVOEL o7z, 7272 UEERRIZLY
HEHETERTT 5.
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DR P 3 % 5 | R Bl & ] U LB St 1 T3
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Fig.7. Al and V effect on tensile strength and elongation.
Steel-A and B was heated at 823 K for 3.6 ks.
Steel-C and D was heated at 823 K for 18 ks.
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Fig.8. Al and V effect on tensile strength and fracture
toughness value.
Steel-A and B was heated at 823 K for 3.6 ks.
Steel-C and D was heated at 823 K for 18 ks.
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BEFEL, BRSBTS 2 2 mohTws. Zhi
DWTIRV EZRIMLZVT Y34 Mz oW g
AHRENTBEY Y, FHT 2 MC B HALY IHCR D TEIR
BT D70, R CHERR S Iz BERIAT ALY & [
FRICHIROIRTH D L EZBND.

W Steel-D @ 3DAP |2 X % 4% H % Fig. 11 IZ/R 7.
3DAP TSR T L 72 308k (o & B % FnS %
CEIEYRTABRESSE, A4 AMLLART AN
BRI TR 5 2 & THRT- LNV T 3 RITE O
ENTETH L. S OITHRMERFICEET 2REE2 S A 4
VHELFIETE L. FOOMNEEIZ B B 88 R
DT W 2ok FURHT D FF-Aii 722 E AT bR T 5B 7.
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High mag.
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Fig. 9. Fractography of tensile specimen.

W5 ZEWNGHDH. TEM THHREZR NiALFT I HSEED 5
Nhpolzlb®Z25E, Ni& AlIZZ TR —IRIC
I LMEMINGES LzbntEZ N5, —HTHR
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Fig. 10. TEM image and EDX of carbides. Steel-A and B was heated at 823 K for 3.6 ks. Steel-C and D was heated at

823 K for 18 ks.

s ME

Fig. 11. 3DAP analysis of steel-D which was heated at 823 K for 18 ks.
(a) 3D element map in needle-like specimen. (b) 3D element map at face. This face

I'c

a5

was cut from the center of fig. (a) to investigate element distribution.
(c) Ni, AlL,Fe, Co, C, Mo, Cr and V concentration profiles at fig. (b).
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WIERREOEN IR SNV, — T VIRINEET
IR RE O 2= EATIED 57z, Steel-C Tld~ X BTH
B IZH S, V 2L 72 Steel-D TIIHEEHAL
MR CTH D Z EDGH 5.
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FUBIERREDER 2 E5 /.
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7R 5 B REE O ML IEPEREYE B R IRE  (DBTT : Ductile-
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FEDVEITHND.

HE T NG P B RS 28 B 12 D T Ni =B & 5 DBTT
DAL & BRI O F B ER LR ST w S Y
75, Steel-C & D TIEXREE NI =IZRI L TH Y, DBTT IZ
ERILVIDEEZLND.

WIZ< VT A DR A X125 H L7, Fig. 13
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& B BHEEAIARAIE L, BRSNS R L e E R
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X, WV T A NEREROBEEIRE WIT OB
BEREDSENNT 5 72508 v B X710 v 7 kA B
fbyzeEZONL. FRIHF—ATF A MRABMT
HrlaLTay sk L ML, F—27F 1 b
SREEDSE T R SR & 7 ) B ORI S
NBHZEIZE) 7ay 7 MMMy 2 Y. £7:ve
LEOHHEERE LT T ay 7 k2 MMt T X %)
EAHE SN TS Y,
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i <

Fig. 12. Fractography of fracture toughness specimen.

Steel-D

Fig. 13. 1Q and IPF map. Steel-C and D were heated at 823 K for 18 ks.
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