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Setsuo Takaki and Youichi Tokunaga : The Strengthening of 189 Ni Maraging Steel

by the Repeated Strain Aging. The Strengthening behavior by the repeated strain
againg and the low temperature aging process in maraging steels containing 18%Ni, 8%Co
and 5%Mo have been investigated by specific heat and electric resistance measurements
and also by the tensile test. The effect of cold working in the solution treated condition
on the tensile strength and on the low temperature aging reaction is not significant. On the
specimen aged at 475°C for a few minutes, cold working, however, greatly increases the
tensile strength and also promotes the low temperature aging reaction in the following aging.
During the first aging, Mo rich zones are formed on dislocation lines and pin down them,
and the subsequent cold working increases the dislocation density by multiplication. The
newly introduced dislocations supply sites for Mo zone formation, resulting the promotion for
the reaction of low temperature aging in the following aging. Therefore, the repetition
of aging and cold working results in a remarkable increase of the tensile strength. For
example, the tensile strength of specimens treated 10 cycles repeated strain aging (5%
reduction in area and 475°C-2 min aging) reaches 1700 MPa, which exceeds the highest tensile

strength 1530 MPa attained by the static aging at 475°C for 20 h.
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Fig.1 Changes of tensile strength by static aging
and repeated strain aging, as a function of total
aging time at 475°C.
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Fig.3 Effect of reduction in area per cycle on
strengthening by repeated strain aging.

AL, #OLARIMIR 1Y Hich#15MPa ¢,
ChHII Fig 2 TRLABVELERFHOLTh K IZIEE L
W, 0E D, FERRENM & LT, BRI LI
5L AEFLE VLS,

Fig.5i3, 1@b b DOMTRY 5% —FEL LT, B
Eef % 1,2,10 min/cycle & L& D51 b s o &1k
FEDELARCH L URLELOTH S, LR
WEZh i Mo rich zone i3 B L T A < BE
ThaoT, BELHATSS, LiL 1W0min/cycle p
X5 1ESH % b ORBFRHARTE TS, BoELERK
LEIRRBCLTOLAIENTAERAC D B, T LT
1600 MPa [l ED5EE I THEE LT, fid 200D
B LR SEG R E ZAENT 2 HEN ROV 5,
10 min/cycle DgE, WHEEMORMI DL, L A
rich zone O JYBEIC L e Mo R34+ cEE T 5%
ZEH, BMELAOMRER L LTWBEEbRS.

1800 T ] T T
i | Lt
H ,l/
1600 +,-/' ‘:::.///
L | 2 4
1400 ——— //./i><-/

. 10min/cycle
ny / RN i

a A i 1
1200 3 1T 475°C Aging |
7 TLI,

A

Tensile strength (MPa)

_ | s%Coldworking _|

1000
B B
0 4 8 12
Cycle

Fig.5 Effect of aging time at 475°C per cycle
on strengthening by repeated strain aging.

3. VR LERHIC & BRIEHEE
Fig.61x, #7i5 Fig. Lot e, BMMs & o

# 0E UER i X 2 BRUSH OZ L& BRI RIS

LTRLAEDDTH S, LK, EHEMITHETFRIEOME

HiE OBERMNEMHC D AT 588, —ih, £ECS




g9 5 18%Ni == — 2 v 7 EIOR VIR LERLI X 551k 843
o T T T T l T T l T T T y
-10 .\"“\ 475°C Aging E 1400 1 1:5% Cold working *J*' R e
0\ ~ b L 475;(;j29rr1in Repeated strain aging ===
. | ~ in. : ————
-20 |— \3‘0 | £ 1200 [l 6____->§ i
LN T S R
F -30 _ 5 \ Static aging g oyt
< \3 0\ P 1000 | j/f -~ ... 475°C Static aging - -4 -~
& _ o[t oTopemo- L S el 2 ! |
-~ 40 \ \. o » : -
< b = | i \
5 Repeated strain aging \ 800 U—1 L ! 1 I 1 1
=50 —— " (2min.6.4%) N asQ. 2 4 6 8
-60 ~— Total aging time (min)
A- 1 1 L L Fig.8 Changes of tensile strength by repea
as@. 0.1 1 10 100 & & ! ne v peated

Total aging time (h)

Fig.6 Changes of electric resistance by static
aging and repeated strain aging as a function of
total aging time at 475°C.

0 pr——y==

™0 T
Cold working

\e
=10 — & Repeated strain aging
g T 9 :
< —» : Cold working g
e "0 § 1475°C - 2min Aging
c . -J—-_ | ]
<= F— : =
o—to
-30 | Cold working ‘+ ———b-—
— 475°C-1h Aging
] i ! | ]
Y 10 20 30
Total reductioninarea (%)
Fig.7 Changes of electric resistance by repeated

strain aging.

HriL, OB REE LCREC BT ABRERT, &<
Mo EFOMHECIET S L B LT Iv®, Licas
5T, e EHPEBTRL-I ST, BYIELERY
& BRI T3 0min BET/R-Ch, BT
3h s T% Mo FFRREND EHLTERLZ LR
5, ¥, Fig.7 320 Fig.2eRis e, &
DR LERGGOBELIRME(L CE LD ThHS. =
DEETE, L ERNEONERENS, 15 BED
W|ER LD T EAEBELATRER BV, Dl
EAMTORE I ZENBIEEELDTUNIVET L5,
A, B mIeingTd, 1hpEggoRiifEc
RMTROBEI S v Bbhiyv. —F, &V ELEN
BTIT, Rpton T X v KEFBGRIGHARES L, K
DEFHTRIE—EETOEAVNBEI LTS5 & b h
5.

Fig.81x, #0 R LEHMBEY SR Y BIOBTH
BRL7-b DT, ThicX b BEREHHRECIIEEA
EEET, b LARGHEOMIBERTERL VB2 L

strain aging.

bbb, thib, TTRGORFTEML BRI
7= Mo rich zone MG 2 [EZE L, ROMICTEA 28
L TMIEELT 5 L ERR, FTLSEAShCERME,
I X 5 zone DD site # Bt 35, L
5 BA VI INTHE(LE zone DRBHRIC X - ¢, SMik
WL EELORS. o, & CEABRHRMECOE
AR bR oik, FRCEER X 2E{EARB T
BrntBbhs, HE, A CTREEE F THYY
(20 h) Lcihic 5% ARIINT% <, 2min FEgT
FUE, ¥ 50MPa (15901540 MPa) ERE T 52 &%
HERALTWS, ¥, BoELEENEkbL, 1HD
EEHT X 5REDO LARAVPNE RBERNRbR, &
R RELBEMEEORMCL 53D TH A5, Bt
FEDWTiL, <7 v A MR OBRMBEDLD,
HL ECHROBEH W, —I5, 75v 7 - V—F§
WA ST ZOMEREEBRFLTARL S, Wi, &V
OEEYERThE, BRI OBERL /5 Mo rich zone
ORI | & B VB ARG o OFICIE, D¥0D
BIR2H 5.
I=GxXb/rp

= CHIMER G=8x10¢!MPa, S—F — A7 b=
0.25nm & L, 2min Bpghe 5% MmI% 10E#ED E L 7=
BAD0.2%Mi ) 6,.,=1650 MPa ¢, ¥7 tp=0,,/2 &
FBETBE, EXL Y I=24nm BNEBSh %,

X Photo.1 13, (a)475°C-30h # gy 3 3 X 0°(b)
475°C-2min fhe 5% ML % 0EHRHPE L DD,
475°C-30 h i 2 LB/ O BEHBEHEG YT~ T. TXK,
BRI X 28T, Sr oMENCATELETCH
BEZNEE D, ©C CIREREESYELT, 524
REBELAHOTHRBTHELI>E LbDTH
B, LienioT, BT, @R X 240 RE L SR
Ui hidis by A%, Photo 1(by kb, ERCTHEE L
fol=24nm LS5 {EI, BIERSbDE VXS, %
fo, Photo.l1(a)emd X 5, oA ls b HHERIOBE,
¥ PERERIRIG I X 9 Mo rich zone NIRfZiE B o
TREL, $BMLAYEERT 570, TR
VEVREBRLTWS ., hickk~, Photo.1(b)nigb



844 HA &R

& 5 (1979) 5 43 &

3 . ' G
f oa i all Cap . . 20nm

Photo.1 Precipitates in the specimens aged at
475°C for 30h (a) and aged at 475°C for 30 h after
10 cycles repeated strain aging (5% reduction in
area and 2min aging at 475°C) (b).

BUBRRTESOTR, T M 58 Lk Mo
rich zone in b, &BHILEHEREL, o, LORME
=AM —E TT BB THRRIE LI HEIhD, 20X
51z, Mo rich zone 2&BRLEHORFRICEE L,
FOWMHARCEEY S L OB EBHbRBDT, §iED
LHE~OBTY in situs BIZERBE Ezhid, 5E<H
Bizol 2, O onWTiy, BHEEEL S X 5
HBREAELLY. WThice®l, B0ELEHDE RN
OB ELEHET, SEEAYE BRI
LS L3FEETRETH D, kk, ZOBEOLEH
&L, To& 2 BRBEL > T Th, A—DHEER S
H, NiMoZOED /2 L LCHEIR TSI DTH S
5.
LEDERERN SR LT, 470°C mRisie— 7% %
DIERET T, 67 Mo o rich zone % %\ ik
7 AR ENS, —HOEHRHTHHEELTI
W, e, T0X 5 RRESETT A RERTREM
IT2{Fh5 kX b, zone Bl L B OHIEN [
ETLC, BEO R Eah S, Fig .93, EEOE

| i
_ Holding time : o~
¢ 4min at each temperature j i
i i

1300 - | o
b
I

i {
| Warm working ;
1 (10-14%) L

F

1400

Tensile strength (MPa)

1200 /O/o ——t]
: ' AR ;

1100 - - - ————— Static aging 4
j /.w/. ‘\ ! i

1000 | 1 l i i

400 450 500 550 600
Temperature (*C)

Fig.9 Effect of warm working on tensile

strength.

DORE/R TR <o, #iREY SWERT, HBP, 41
4 min FEEBEMMTL, dRo 1H» 5515 D3RR
BFa#RL T, 200E2R3 LickR4Rd. BEMNL
DFHREPEALNLTH D,

Iv. # il

AP, Wb b=V SEIEOERTH DK
Bz, BREREHETLBEMOMELERCE 3L, —
OB TH A ERIEL, BRI AEFELT
ERAMOBILEINASELLLOTHS, R L LT
Ti %4 % e\ 18%Ni-8%Co-5%Mo <z — 2 v 7iil%
v, ZIEYRER, BENOMNE, SRETHEEEHE
CXoT, BB LENGOBEESPRE L, HEY
BERTREDEDLSTHSD.

(1) FEEShM O T NS, ABMIOKXRC X5
BE b O LF, BEBSRCH LT 3MPa/% BE
THD, RS, WHHIICEHNTY e Th, KRN
FIGE L OB T BB NE -,

(2) 475°C <A (B BRE) Bshiein T2z o35
&, H10% OMILEF TIBIE LG LTI B
Kxieh, BELHAMEISMPa/Z) T 50, 10% %
Wz oLmEO LRARETAHAC LD, TORIBEL
THRYCE, BFRBoSEMIEE cEEO ERARLN
%,

(3) BB OAEMMTE, BEROKE K 470°C s«
— 7 AR B EER SRR RET AR LB D, &
ELUTSHRICl, AENTEROBREMEEcRE—EED
BEERARINREONS. 0 i3, EEBYKIEOE
BERIEN A M e Z LR RE L T B,

(4) #0R LB, RERSEED bR M
TRICHTHREO L NFE L\, ok 21, 475°C-
2min Rhd 5% &y leycle X LT 1I0@E#Z b LA
Ba, BEEGNEE LT b 2 22min 4 ¥ i
A%, 475°C-20h ORI CEO R A REFIE VB X
1530 MPa # % 3% 1700 MPa 3@+ 2. ¥4, B
LR LTh, M OBED FRA K 3MPa/g
Th DO, $# DR LERHOFILTE 14 MPa
K&,

(B) LhEofsRrp, #VELENMZ X s, &
R ORI X 5, BRI L iz Mo rich zone % 3
Wik AR — O E, BRI X 2B ORMIEL
VIRERT, HEMCR, BNEFEO LR X 3T
ThHEEZLNRD,

(6) # 1R LUERSE, REMOBRISLHEAEDH
BHZERIY, &EMEADEBRRILLES.

B0z, EKREOFHRERBEE CRLCHEHBIE
JUMASE AR MET SR, 7o b U RAM OB R
a7 BT HARE A EERNEN £ ¥



%

9 %

Ti-6A1-4V £ &85 AR08 0E LSBT X 5 REOHEB

845

ERESLUET, i, AMEo—fix, THMERER
BHS L -~ Tihbhi-Z L AR LTEEYRELE

7.

(1)

- [

D.T.Peters and C.R.Cupp: Trans. Met. Soc.
AIME, 236(1966), 1420.

VREF 5, WIS : $kX M, 55(1969), 1243,
g%? #, +RIEF : HARSBYaE, 41(1977),
?%fd?d HEXZ ¢ ARGEFRE, 43(1979),

YE.A.Aleksenko, G.P.Kulinichev and M.D.

Perkas : Phys. Met. Metallog., 29(1970), 112.

D. T. Peters : Trans. Met. Soc. AIME, 239

(1967), 1981.

HREF % OAREBEFEAH, 39(1975), 528.

C.Servant, G. Maeder and G.Cizeron :

Trans., 6A(1975), 981.

J. M. Genin and G. Le Caer :

(1974), 15.

HR4S5H @ S s 2882 HTH,
~, (1968), 55.

S.Floreen and R.F.Decker : Trans. ASM, 55

(1962}, 518.

Met.
Scripta Met., 8

EB¥EEE S

(12)
(13)
(14)
(15)
(16)
(17
(18)

(19)
(20)

(21)

(22)

S. Spooner, H.J. Rack and D. Kalish : Met.

Trans., 2(1971), 2306.

Bl W W ARRYAR, 3097,
13.

@AM, IR ¢ AAGEEARS, 305T3),
1 .

G.Gurewitz, N. Atzmon and A. Rosen : Met.
Tech., 4(1977), 62.
D.].Lloyd and K.Tangri:
(1972), 7

ﬁ%%uﬁ ’}%7&&&{"* BA&E¥AE, 31(1967),

352.
IME D BERERFREE,

ASERE, F O,

31(1967), 357.

AEHME, BAMRG BT, 5(1964), 643.
G. J. Spaeder and W. J. Murphy:J. Mat, 3
(1968), 116.

{)gg%%& INE#E—, B B gk 8, 64(1978),
gazm,ﬁR'@:axﬁﬁiﬁﬁ,uu%&,
A .Rosen and N. Atzmon : Int. Conf. Strength
Met. Alloys, 4th[2)('nd), 684.

fok xE, HEP ¥ #RE 8N, 62(1976), 220.
fok xiE, HE B gkr W, 62(1976), 1249.
g}éz(% Pﬁlﬁiﬁ% Hj:&}%%ﬁwu N 35(1971)

G. R. Speich : Trans. Met. Soc. AIME, 227
(1963) , 1426.

Mat. Sci. Eng., 10

Ti-6AI-4VA & 8 & & D # Y K L
B HIELE |2 L 5 RO e

Yoshiro Ibaraki and Toshimi Sasaki
Cyclic Heating of Cast Ti-6Al-4V Alloy.

alloy is the acicular alpha or the Widmanstédtten structure,

E IV NI

5 F L NI - S S

: Improvement of the Microstructure by the

The micro-structure of as-cast Ti-6Al1-4V

and it is believed that this

structure cannot be changed to other structures by the conventional heat treatment. As
forging or rolling cannot be amployed after casting, it is desirable to obtain a pre-heat-
treated structure that can be conventionally heat-treated.

The cyclic heating has been developed, by which the acicular alpha or Widmanstatten
structure is decomposed to give a two-phase structure (alpha+beta) capable of being con-

ventionally heat-treated.

Two to 50 cycles of heating from 500 to 850~950°C at a heating rate of 5.8 to 225°C/min
have been applied to the castings and the micro-structual changes and the diffusion of the
alloying elements were examined by means of a microscope and an X-ray microanalyser.

The following conclusions are obtained.

(1) The cast microstructure is improved by the cyclic heating and became nearly equiaxed

alpha grains similar as in the forgings.

(2) It is possible to heat-treat this microstructure by the conventional heating method,
and the two-phase structure (alpha+beta) is obtained.
(3) The diffusion of Al and V atoms is observed to stabilize the alpha and beta phase.

(Received February 28,
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