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Effect of Ni and Al Content on Mechanical Properties and Structure
Factors of Precipitation Hardening Martensitic Stainless Steel
Hiroyuki Takabayashi and Akihiko Okamoto

Synopsis

PH13-8Mo belongs to the group of the precipitation hardening martensitic stainless steel combining good impact value with
exceptionally high strength. Since this material is strengthen by precipitation of NiAl intermetallics, it is easy to think that
Ni and Al content have effects on the mechanical properties and microstructure of this material. Therefore, there are several
reports investigating each mechanical property. However, it is not clear how Ni and Al content affect on structure factors such as
microstructure, and how the variation of microstructures affects on each mechanical property. In this study, we investigated the
effect of Ni and Al content on the microstructure and mechanical properties such as tensile strength, proof strength and Charpy
impact value.

As a result, it was cleared that Ni and Al content have effects on the content of NiAl intermetallics, the amount of solid solution
Ni and retained austenite. Then the tensile strength is influenced by the amount of NiAl intermetallics and retained austenite. On
the other hand, the DBTT(ductile-brittle transition temperature) is influenced by the solid solution Ni content, and the Charpy
impact value is influenced by the amount of NiAl and retained austenite.
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Table 1 FL# D Steel B & N — A & LT Ni, Al &
% B S 7> Steel A~ F O 6 SifE % BLZBHEM L, HE
130 mm @ 50 kg SABE 2 AERL L 72, % B, Steel A, B
PH13-8Mo @ AMS BUEHFHN O TH 2. I,
1200 T2 T 16 R PREFOIGE AP 2 il L 72 1%, ZAH
B3 |2 T 20 mm ORI L 720 RESTEELC
EIlr L, A rEmEER, MREHATICHE L 72 F 72, BHMHT
DBMILGAE % Fig. 2 1R T
Table 1. Chemical composition of experimental steels

(mass%).

Steel C Ni Cr Mo Al Fe

A 004 | 772 | 125 | 217 | 1.11 | bal
0.04 | 840 | 125 | 217 | 1.24 | bal
0.04 | 910 | 125 | 217 | 1.28 | bal.
0.04 | 978 | 125 | 216 | 1.32 | bal.
0.04 | 842 | 125 | 217 | 1.40 | bal.
0.04 | 978 | 126 | 2.16 | 1.17 | bal.
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Solution treatment
A 950 °Cx2.5 h/WC

Aging treatment
500" 550 °Cx4 h/AC

[ 4 R
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-30 °Cx3 h

Fig. 2. Schematic diagram of heat treatment.
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BiTo7e.

HH A% 7 10 12 1E Thermo-Calc (Ver. S, Fe data base ver. 6)
AV, MBS IOt ESE, EREMNET
98 7% 8% (SEM : Scanning Electron Microscope), L % JV
F — 4> BB X 8 4> Ht (EDX : Energy Dispersive X-ray
spectrometry) % VT2, ZREAOWEIZIL, R
GIRAEIC XL VIFERITo /2. 72, AREREIZEICIE, 10
vol% 72 F N7t ¥ -1massh LT b T XA F VT
VEZI A - AY 7 —) (10 %AA solution) x AWV TW
L. BREFHHIE, BHREE 025 mA/em® (2T 4 BRI ARER
L, #20%¢ 01 um LED 7 1 V& —FHWTITo 72,
P xR Sk, EICL 2MEEER & XA
i HE 75 R AT (XRD © X-ray diffraction), SEM-EDX |2 &
BLEEEY OREEB X O RIT 2 FE kL 72, F72RR
F—AT7F A4 P EOEEIZIEXRD IZT, 771 M
» (200), (211), A —A7F A4 Mi®D (200), (220),
(311) O 5T 6 M TOMM Z1TV, ZOPIfE % v
7o WL, Mo EEEZ TS 00y 77 )V C
B FHGT, JIS Z 2245 |ZHEHL L CHEME L 7z, B S
i D EiRIZ T ASTM B I HEHL L CEHffi L 72
FIEREB A X EE ¢ 125 mm, AR G. L.
=50 mm, ¥ v )V ¥ —HEHKEIZIZ 10 mm AE 2 mmV
Sy FHREBREHWTCNS. 2B, IEHEEEREE
(DBTT : Ductile-Brittle Transition Temperature) ¢ 5 £ I
21E, Y Vv E—EHEREBICTREZEE - 196 ~200 C
DOHIFATELZ A, Hik & FIRORER % v CEFif
ML 7. HBREROBHEEIZIE SEM 2 VT 5.



Hfrag e >~ v 7 3 A SR HELEL 2 7 > L A8 OB A & IR 12 R3S NI, Al OFE 7

3. HBRES LUHEBTFA

Fig. 3 |2 Steel B @ Thermo-Calc |2 & % FHEIRAEK % 7R
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Fig. 3. Calculated phase diagram of steel B with

Each phase’ s molecular ratio

Thermo-Calc software.
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WA =27+ A MUBELHFAELZ, F—ATF 4 VE
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TIEEINVT v H A IS F—RATF 4 b ~OHMERE T4

LhwdbobEz 5D, EPBEIZ Steel B O ELALEE
&, 7O, RRLHEEZOMBHIHE LT o
M2 & LT Fig. 4(b) 12”7, EELLEZ O
REIZBWT, #5v0l% DI —ATF A MIDFERE L,
TP OBBZIZIE L ~ 2 vol% BET TERAT L. Z
D%, FFRPLHEIC L) SERBIRED T TH D I2H
bbb, F—=AFF A MHIE 2 ~ 3 vol% B F CHN
T AEMAFRD 572, Fig. 4(c) 121 Steel B @ 540 T
BRI O X 7 Ok E R L7z, F72, ArAHICE T
BEREDID, FERUHEE ORI B W CEMILIC X
LT O E %47 o 724 R % Fig. 4(d) 12”3, Zh
£ 0, FEECALEREE O R EVE ALY & HEE S B HK
% RAIE 72 <, K930 nm RO 2 Cr, Mo AL
LSRR &7z, Fig. 4(e) O XRD DR % fi&T#
B D EERME SN TS MX B L L HE S
L. F 7z, IR ICEERIREE I Tl MyCy Tld 7 < MX
DI ENSZ ERHFEE o7, ZoBoMtaEl
0.35 mass% & 7> CH Y, Thermo-Calc 7> 5B &b
M,,Cs B ALY 2 D 0.78 mass% (ZHLELT 5 & Yot E T
H DD, TILRAL IR MR oot T &
TR WIHEM: & SPEIRFEIE L TV R Wn I E5E 2 S
N5, LaL, RKWZECIERIWICHEY RIZTEEZ
515 C, Cr, Mo DEENIfTh V720, SO
WBIIZZE I Wb O LT L7z, 72, NiAlICH

LT, FmAWEEZ 72%, Thermo-Calc % H W CTHER)
TR CHEORAEIC BT 2 NIAl R EZHWTER21TH 2
Ll L7 INFTOREDNS, Ni, AlEOEH)IZ X
D, NiALATHi s, BEAHRC BB IR A — A7
A4 hEOEADEZ 5N LYY, BIR, PHI13-8Mo D IEE
Wtk ER 2T T T Ry, Mo BB § 5 i i
L,

Pl XD, PHI3-8Mo &, EAMIZEMIZ~LT ~
T A MATH LA, Ms EBZERTEICH D720, AT
F—ATFA MAMEET L. 07z, KT,
Ni, Al ®Z B OMEREES L OmBEEISEETY &
FTHEBETE LT, VT YA b, BB — A
TFA bE, NAlZEZEZ LI L E L7
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Fig. 4. Transformation temperature of steel B which measured by Formasta (a), schematic diagram of microstructure

after each heat treatment (b), microstructure of cross section after aging treatment (c), SEM image and result of

EDX (d), and XRD result of extraction of steel B after aging treatment at 450 °C for 4 h with air cooling (e).
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MWD LN, NimELIZ X 2 EEHIFED 5w,
—JiC, Fig.5(b) £ 0 7 =514 FEEITETH S Al
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FRICIZZE L 72\ 9%, NiAl OFER%Z LA ¢ 5
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OITHEICITHEZ RIZES2WEEZLNDL. 12121
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12> TBY, AlOWEIZZDF F NIAl O H =N
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Fig. 5. Calculated phase diagrams of steel B with Thermo-Calc software with Ni content (a) and Al content (b).
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Fig. 6. Microstructure of steel A ~ F after aging treatment at 540 °C for 4 h followed by air cooling.
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Fig. 7 (215320 53 S B FHE Ms 1T & & TR IC BT (@) 300

LR A — AT+ 4 bmDZbx XRD EIZTHE L 72 :
FERAZRT. Ms BEHEICIE, Tie (1) R HweY. 280 |
Ms /. (C)=545-330 ([%CJ+[%N]) +[%Al] +7[Co] -14[ %Cr] ;; 260 }
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Hi L7258 Ms &5 % Fig. 7(a) 127”9, Z4UZxf L, Fig. 70 8.0 9.0 10.0
7b) DR A+ — AT F 4 NEBTIE, M4 Ni &I Ni content (mass%)
BRDHND b OO, EREUAS S ET ORMED D 5. (b) 20
T 72, EECLE, 7oL EER L TAR M 0% [ A
BA—A7F 4 FROEBERL L, WEROMED % i APT
LD ZD B b OO R HRENAFED 5D, Fig. e 15 i
7(b) DIERETCIZ, REF—AFF 4 PEIIKITT N, é
ALOFEZD VT, MIBERERGH & TR (2) 20 [
R L7z 42
8
¥ rac(vol%) =-30+497 Ni-64Al, R=099 - - - (2) *2 St
% B, Fig. 7(b) 12T, 7Ll oIREE B L < 0
T, ERLERAE T T Clad 2 2R A+ — A 7 4 - 50 00 100
b EABEIN T A MBI DFED 5B DS, 540 C R LIRS
DERTH Y As HLE D SIENRIETH 5 7200, WA Ni content (mass%)
CE DR — AT F A4 M AR L S 2 Fig. 7. Calculated Ms with Ishida’s equation (a) and
Lpr s SOBEOMMEITEATIER VA, AR austenite content measured by XRD after each
DEPAN TR T HOWIEIZ BV THLRD SN LHRT heat treatment (b).
HHTENWREE o7 2.0 100
I, BEDILES (540 T, 4WSMGREE Z8%) B [ | ®@Extraction ratio ~
DRI & 2 5% 0 & RAF R Fig. 8 12K e, [ [OCubdeske a0 £
T W NOME S AR EE 035 mass% BifZTH D), a 2
HHHL S 2077 B L b 25 ~ 35 nm LTI IZ— 0Kk < i {e0 3
EE8Tholz. TOOFRAWIINL, AlEEEHIZLD ® 10 [ 5
WEA STV OLHWSND. F72, ZOMmR S [ da0 S
Wi FROME D Fig. 2 (Steel B) TIE®H &7 MX B O O o o §
RO AL & % > Ty fe, MOX IR B RALIE, 3 2% le 0 ® 0 o a2 &
B O FE BN BV TR S T b - e h
P HEE S NS, DX, Ni, AIEZEEIZLS 00 L & v 4 0
A DOBAT N2 EDSHFE L 7 o 72728, LIBEORR A B C D E F
BT B E RERT OB L TR R 2L Steel
L7

Fig. 8. Extraction ratio and extracted carbide size of
steel A ~ F after aging treatment at 540 °C for
4 h by 10 %AA solution.
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RN & Rl A & O BAfR % Fig. 9 IZ/R 5. Al
BICIDVWTNOLEIIBWTHHENEL 5. il
0.15 mass%Al OISR T £ 251 HRCBEE L 25 2 L8
oA Fl, NIWEICLIDESIIET LA g
BHEA—ATT A4 FEOWEIMIL20DEEZLND.
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5 48 r Steel E ]
% 1.40Al g8 40-8.42N;i
\; 46 } Steel B |
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o Steel D
2 1.32Al
© L
< 44 \ -9.78Ni
g ASteel F
< | 1.17A1 J
o)
o
40 3 1 3 1 3 1 I 1

480 500 520 540 560 580

Temperature (°C)
Fig. 9. Rockwell hardness of steel B, D, E, F after aging
treatment at 500 ~ 550 °C for 4 h followed by air

cooling.
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Fig. 10. Mechanical properties of steel A ~ F after aging
treatment at 530, 540, 550 °C for 4 h followed
by air cooling. Tensile strength (a), 0.2 % proof
strength (b) and Charpy impact value (c).
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Fig. 11. Relationship between Charpy impact value and

tensile strength, 0.2 % proof strength.
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FHAVTWA, Fig. 12 &Y, REEA—ZAT7F1 b
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By, BEF—2AFF 14 bE [y, vol%) &itH
NiAl & ([NiAle,J, mass%) % FHIZHE L CTHlEM
& (TS : Tensile strength) B X 0702 % it)) (0.2 %PS :
0.2 % Proof Strength) & KK T 122> CHUIZE )7 55
MrafrwiiEX (3), (4) ZEH L7

TS(MPa) =1197 + 63.7[NiAlc,] - 11.7[ y ],
R=094 « + « « v v v v v v v i v v (3)

0.2 %PS(MPa) = 1178 + 60.4 [NiAlc,J - 143[y ],
R=005 = = v v e v v vt vvvvvvvo v <4>

FIREEE, 02 % & b2, (ZIFEBEAMEIZH Y
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Fig. 12. Relationship between amount of austenite

phase and calculated amount of NiAl.
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Fig. 13. Charpy impact value of steel A ~ F at -196 ~ 200 °C (a) with relationship of steel A, B, C and D (b),

steel B and E (c), steel D and F (d).
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Fig. 14. SEM micrographs of fracture surface after Charpy impact test of steel Aand D (a), B and E (b), D and F (c).
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Fig. 15. Schematic diagram of effect of Ni and Al content
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