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Study of the Microstructures and Toughness of Steels with Precipitation-

Hardening Due to Cu and NiAl

Synopsis:

Hireshi YADA and Mitsue HoNDA

. Age-hardening behavior, especially related to the influence of matrix microstructures, and the resulting
changes of toughness, was investigated in low—carbon Ni-containing steels with the addition of Cu and

Al. Main results are as follows:

a. Age-hardening was most prominent when the matrix microstructure was bainitic.

b. Precipitates that contribute to age-hardening was concluded to be NiAl and Cu.

Grobular NiAl

under 100 A in diameter precipitated at dense dislocations in bainite at peak hardness.

¢. In 0.15C-1.5Ni-0.5Mo steels, the amount of age-hardening increased, but the toughness was greatly
impaired, with increase of the amount of Cu or Al

d. Age-hardening and corresponding change in toughness with the addition of Cu and Al were studied

in various low-—carbon bainitic steels containing Ni.

Among these, low carbon 6Ni-4Cr-1.5Mo-Cu-Al

steels maintained fairly good toughness up to the strength level of 200 kg/mm?, as compared with maraging

type of steels.
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Table 1. Chemical composition of
steels used in section 2.
' (wi.%)
Mark Aim c Si | Mo | Ni | Mo A | Cu
A | B tion | 017 | 022 | 081|150 [ 05z | 051 | 145
B 007 ] 026 | Loa | 142 | 048 | 0.57 | 142
c|= ;.j,, 016 | 028 | 053 | 145 | 0.48 | 050 | 147
b |Es 016 | 025 | 105 ] 1.50 | 0.49 | 053 | 148
E :‘2;? . 0.15 ) 0.27 | 152 145 | 0.49 | 056 | 151
F EEE 0.16 0.23 2.0} 1.560 0.52 0.56 1.49
NEEE 0.85 | 0.25 | 0.82 | 1.50 | 053 | 058 | 152
H 0.32 | o.26 | 815 | 166 | 052 | 0.57 | 1.48
I 0.14 | 026 | o.82 | 1.54 | 051 | 0.51 | 0.0t
J cu{| 0.14 | 021 | 083 | 155 | 0.51 | 0.58 | 1.05
K E 'é 014 | o.22 | 081 | 151 | o.51 | 0.54 | 1.89
L §_§ - 0.14 | 0.26 | 083 | 1.57 | 0.52 § 0.08 | 145
M| § g_g ad| o014 | 027 | 084 | 158 | 0.53 | 082 | 150
N :‘SE‘E 0.14 | 0.28 | 0.84 | 1.60 | 054 | 112 | 149
o §§, f { 0.14 [ 059 | 0.83 | 159 | 0.52 | a.52 | 150
595
P si{| 014 | 1os | 081 | 155 [ 052 | 051 | 150
Q 0.15 | 167 | 081 | 1.58 | 058 | 0.52 [ 151
other impurilics ; P : 0.002~0.005%
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Fig. 1. Isochronal age-hardening curves of Iow—
- carbon Ni-Al-Cu (-Si) steels.
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Fig. 2. Isothermal age-hardening curves of low
carbon Ni-Al-Cu (-Si) steels.
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Fig. 4. Relation between microstructures and age-
hardening in the steels containing 1.5Ni-
0.5A1-1.5Cu with varied hardenability and
cooling rate after austenitizing.
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Photo. 2 Transmission electron micrographs of
1.5Ni-0.5Mo-1.5Cu-0.5A1 steel (A)
aged 3h at 500°C after austenitized
and water-quenched (a), air-cooled
(b) or furnace-cooled (c).
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Photo. 3. Transmission electron micrograph (a),
selected area diffraction pattern (b) and
key-diagram (c¢) of 1.5Ni-0.5Mo-1.5
Cu-0.5A1 steel (A) aged 3h at 550°C
after austenitized and air-cooled.
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ction. (Steel A, aged 3h at 550°C after
austenitized and air-cooled)
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Si Mn Ni Mo Cu Al Fe

0.15 1.50 100 | 240 } 1315 | 1.20 | 13.75
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Fig. 5. Effect of contents of hardening elements
(Cu, Al, Si) on age-hardening and me-
chanical properties after aging in low-
carbon Ni-Al-Cu (-Si) steels.
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Table 4. Chemical composition of steels used in section 3.

(wt. %)

Mark C Si Mn Ni Cr Mo AL Cu Note

Ro 0.06 0.26 2.94 1.44 — 0.48 0.05 0.02 | high—Mn steel

R 0.06 0.30 290 | 1.48 - 0.51 0.62 1.42 | Ro+0.5A2—1.5Cu

So 0.06 0.24 0.44 | 545 1.32 0.52 0.04 - high—Ni —Cr steel

S 0.07 0.27 0.36 | 5.60 1.22 0.61 0.49 1.56 | So-+0.5A—15Cu

To 0.09 0.01 | <0.01 | 590 4.00 1.49 0.03 - high—Ni, high—Cr steel

T\ 0.10 0.02 | <0.01 | 6.10 4.20 1.54 0.60 1.58 | To-+0.5AL—1.5Cu

T- 0.11 0.02 [<0.01 | 579 3.77 1.72 1.16 1.46 | To+1 AL—1.5Cu

T 0.10 1.47 | <0.01 | 596 3.83 1.75 0.96 1.48 | To+1At—150u—158i

T, 0.15 0.04 | <0.01| 6.14 4.41 1.74 1.04 1.47 | T:+higher C content

S

Other impurities :

Photo. 4. Replica electron micrographs of steel R, (a), S, (b) and T, (c) before aging.
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WCRATREOER LRk TH 5.
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Y RSO 3 B E R ERHIGRO ST A 2 V25 B 1z
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BABAE Smm Ey 794 ek
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Photo. 4 i ~X— 24350 Ra, So, To OBEESHAERT
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FA FETFENRAF A FOREMEL, So & To 13TE
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Fig. 6 i & ARMOSRERENE LG 273, ~
— RESED Ra, So WEELNBRE O L E & bicsk{bT
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72 To, T, TREV. 205 BTRIEEESNEBLOE— 2
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Fig. 6. Isochronal age-hardening curves of various
low-carbon bainitic steels containing Cu
and Al
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Ty, Ty TV 44H 13 T, o245 b NiAl kX
O Cu iz X 2EEZEMEEIEIT Al KBl TWv5. %
72 Ta v Tp X0 44H W33 LUAEKL, Si DRI L
WEBE LAV EBb»r 5. TadR— 250 T, &
BB ORI TREERE L.

s LT EOTRMIC LR 53%E - S0 (L% Fig.
8 It . ~N— 24 Re S To X HED I DEFEH
L & Fl— SO Z T2 TH VLT LH &M
HTORBAERCIIM VDS, »ish BiFa@tsz R L
TWwd. ZhH T Thega(LTREmmLZE R, S,
T\ ~T; B rhFTh~—2k5Ric it~ Fig. 70 44H

G L7z EAS RSN S. Wi owTid R, S
RATEOKERLFRE LLETT %2, T, Tla@io
KT ERINE L, T~T, b DR i d v ig1{L
T S EHED S LS BRI 5 20 Th 5.

BL OSSR - S KHEZ tho 47 B LBER 1M &
i+ % &, Fig. 8 iz » F TR LR EE Ni-Cr-
Mo-CoF vt — UL IO e T <hTkh, &
< iz 200 kg/mm? LIFOME L~V TIIAHIC RIF
BEEERLTYWS. MPRIEOS FTRLEEEHR

oH in Vickers hardness

Types of base steel mark
*2]0 +2‘0 +4'0 +6;0 +3I0 +100+|I20 +140 +160
i 1 1
High Mn steel Ro
(e bainite y [T pell=78
+lower bainite R /////////
High Ni -Cr steel 8o ez
(lover bainite ] I._L":_sl____q
+lath martensite s m
T .
— aaH=58
High Ni - high Cr steel T AT
( lower bainite ] L. asH=120 q
+lath martensite T A
— L 2aH=108 )
-]
T 7]

Fig. 7. Comparison of age-hardening between
various low-carbon bainitic steels.
4H=(peak hardness)*—(hardness as austenitized)

* In Rg, Sq and Ty steels, it means the hardness aged
at the same conditions to the steels R, S and Ty,
respectively.

A4H = 4(S steel)—4JH(S, steel) etc.

Aging 1 500T 3hr AC
(450 C 8hr AC for Re and R)

Re ® without Cu and Al
O with 1.5Cu-05A¢

© with increased
contents of A¢ and Si

20
Ni-Cr-Mo (-Co)
Jow-carbon steels
(Mo:C)

10

Ni ~Cr-Mo -Co
maraging steels
(I“EzMo )

V~Charpy impact value.at 0C (ke-m/cd)

i
100 150 200
Tensile strength (kg/nd)

Fig. 8. Change of strength and toughness accom-
panying the addition of Cu-Al in various
bainitic steels.
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Table 5, Mechanical properties of Ni-Cr-Mo-Cu-
Al precipitation-hardening steels.

Heat treatment I glow coo! from E€20C after kot robling
— Bbrs cgirg ot 500C

V-Charpy test

vEor vE-pe
Ug-m7ed ) | (kp-mred)

Teasite test
Viehers
kardness

Mark Alloy system EZ

T.8. P.8.
(kp/ed) | {kp/ed) | ()

0.19C-6i -4Cr
Tr | - 15Mo- 15Cu-0548 499 1706

1688 8.6 8.1 8.2

0.10C-6Ni -4Cr

N
oMo 15 One 1048 672 188.9 | 1578 71 81 25

0.10C-6N1 -4Cc - 158i

Ts ~15Mo-15Cu=1.0A¢ 597 186.4 169.1 6.8 2.5 11

0.15C-6Ni -40r
Te | 2 2Noo 150 1,048 606 1852 | 1912 58 83 27

Width D125
Guage length [ 50 =
Thickeess I 3 m

Sub-size
specimen
Thickness : §ux

Remarks

1b# (Mo ,C) ¥ HiEE kiR 54 160 kg/ mm? PLF
BELNVTIE I — o PRI R BIF A E T
TH, TRD EDRE v~V TISIERBEOEM: L~
59, et L Cu-Al 2L T.~T, IX
DD RiF7s 200 kg/ mm? {EEABE T CER L
o bicd s,

B o uk ] T1NT4 DEENIMEE % Table 5 wai L.
SIRE ASEHE O JIS 5 SAIC e R FATEIEA v o
T, U IR B Z A5, Bl RIF R (E A R
LTwWab.

4. E e

NA F A MR D ZERERL R T H T AT (L
Zd DI Photo. 2 (b) IRINB X 5 ITEEAHEMN
FHOBS L2 TWE Z & LM TE 5. Photo, 2
(c) D7 =54 MABTI BABERZ DT /IXL
rimoiE S v T Fig. 3 IRTEWIF S L
ERTORYREEZEZOND. —F 2744 MG
DEEVE Photo. 2 (a) KFRT X SKIEMEBESE WIC
b 56, WHEILICF S §5 X 5 ikmsT Hmis e
DL ZHIREEARICES LTV 5 CETDER
KX OB L UBRMRIC—IRCEE L TEDOE ALY
— &Y B2, RABITHORA & LTotgies sk
BOTWBREDEZEZLNS. D HLAAERAENIZL
WHEDIERZBIX 274 Pl E LT LR =
h & FIRFIC B BIFEACY L BE 2 AT 5 23, Photo. 2 (a)
DREETIXEXTHIC DX 5 REEAERESEA T W
WESITHEEINS. ThizeLTXA +4 NGO
BVIZERERRIZ & 2 > 2 A4 N AN I TV IREE T HY
THELEXZBNRLDT, 754 FIDBEBRERILE
b TEL, FLRRBOBRDOREREFOSHHITLE
ALBILREVWEZEZLN, HEDTERERI7 =54 b
Iz 4k L7 &S BE QRS HEM E B kig - h

* TOFOFEEER 18NI vz — U S BN {HERLTY
3.

(a) aged 3hrs at 500C (b) aged 3hrs at 500C

~
§ 15} So sk
|E ﬂ’/,,f-')f—‘_'o‘ 7,
fond
-
- Cu, A2
g !0 Cu, AL 10 addition
= addition e —————
2> =" T
=3 sf st
?E S o
>E | _gm———— S
-l 1 H 0 1 ]
—40 [] +40 —80 —40 [}

tesled tcmperature tesied temperature

Fig. 9. Changes of V-Charpy impact value with
addition of Cu and Al to bainitic steels.

TEY, HOBFARME LTHH B rr¥—%
FHLTWSLDEHEXNS.

RE=VF Y4 MO EFOEEI X DK
TARSHRIERFICR Z 5 7o DT B L OB ®E S D ik
NEIEREC IREEHEE bR S v 2w, Fig. 3o
Wbtk Al & Cu OFMIZ X DKBHEED 4H 3R
ML LRI VOTERLL EEPREFSIE LT
WeHEEIhA.

REZNEILIC G35 Tl & LT, BFEEF T
NiAl DB BFEINTAS, BIIHHIERE DL L

MEHT» HiF Cu P LTVEEELLNRS. Cu
IEEFHTR LCThx Fe & FRFLER X OMELREDS IS
LS, EEHED S WREITREE RN IR IERSE
HTHLDEEZEZLREY. 5T Cu iTonTik
Photo. 2 @ X 5 I#xfi#E HHTHiA Fe-Cu 44 TEbh
TWS = b)Y 7 RAFTHERIEDOE D Licw. Lo LE
EZr5REND Cu & Al OFFHETESED S132
XY ETE DR REMENTRIE I B,

P LI & b5 5 B ZELIC oW CEBRIRE 0%h
RoOPI% Fig. 9 TRd. WEEE Se Te oW Tt
TREMTH D, S, Ti i >V E T
ol o RBRRERANT 85 & flEikic X v
vEshelf BFBETLTWHEE 2605, Fig. 5 i
EHFMREB Z N BH, T vEshelf D{ETIx Fe,Mo
DIFEBELIC S TE DD TARE VY. Fe,Mo Difd
AT RSP 0ER LR THEE LB E—~ 21058
L ZORECIEELREENRFTH S, ThiTHE
WO EHIE < Orowan BIDIFLBFEICTHE S 72D T,
ZOHEEMOBER LI D AFETH D iRk a
HRIPCEE L TV bz 2 v — 2k BN TS
5EBbh3. Zhizxt L Cu & NiAl OBEIT3sk
DEPWITHEIEE X 55D T, Fig. 1 o HiELih
M OTREEIND L OGBS EHMTHD, R
MMBERERICEA SNCRUZEE LB bRz o<
W EHEEIND. (EO TREIREE CII T BhiRAT A 7k
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Cu & NiAl oG AWHBLAOMR > QBT 5% 1877

<, BRFHECHEEEI B L VWEEILNE.

R L & 5 & OBHRIZ DWW T RIL & OB EITH

DOBPEDEDSHI LITHEMSBRTVPLETHS .
# T,~T, 1315|3858 X 200 kg/ mm? ¥ TOIREKUE
TIRETCHERINABERNND > bTh 3 hic
Bir Rt e — R Th RS oY TR
L, K22 rOEHEEEBERNME LTS ST FHAR
BT S WEPHSH S,

5. &

EHE Ni @F@c L Cu & Al ZiFmL, X0
RESPRE( L 2B 35 1 E T HUAAKLIG O R 2 s X OHT LR
LM & OBRIC DV TRET LUV T ofbi & 57
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4 MEBOGEITE/NE D
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Z DAz Cu QT H S HEE S .

3) {EB%E 1.5Ni-0.5 Mo g Tz Cu & Al OFEM
BEEDTHLBEREAL, mEOMESRPEBD LN
7z. L LEEIZ {7 5 g (Lassd LoD 7.

4) @ADL Ni EEESRAF4 e Cu & Al %z
Fehn UREAhEE (1 & 80 OB (2 BeT Lok R, —ivic b
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