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Abstract

The effects of the flow forming and EB energy on
mechanical properties of C-250 maraging steel weldments

Student : Yen-Jung Lee Advisor : Dr. Chang-Pin Chou

Department ( Institute ) of Mechanical Engineering

National Chiao Tung University

ABSTRACT

The high strength martensite steel is widely used in aerospace and defense
industries, particularly the motor propulsion system. To elevate the efficiency of
manufacturing process and to exploit the superior mechanical properties of the
steel, cold flow forming technique is commonly employed to manufacture
seamless tubing. However, subsequent to its electron-beam welding (EBW) and
age hardening treatment, the highly deformed tubing is known to suffer a severe
lack of percentage elongation. This fact has limited the applications of the
maraging steel and utility of the flow forming process, creating a bottle neck of
manufacturing in the aerospace and defense industries.

In the present study, the cold forward flow forming technique and EBW
process were employed to fabricate the tube and to join the tubing pieces,
respectively. Various process parameters were incorporated to combat the
problem of inadequate ductility associated with the weldment fabricated from
the maraging steel. These included varying the input amount of cold forming,
applying pre-EBW stress relief, varying the amount of the pre-EBW and
post-EBW energies, and trying different age-hardening treatments and high
temperature environmental tests.

The present study showed that the C-250 maraging steel tube produced by the

forward flow forming technique had an increased mechanical strength but a
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Abstract

decreased ductility, as the amount of flow forming was increased. In the case of
79% flow forming input, the mechanical strength of the steel was elevated by
12% but the percentage elongation markedly deteriorated by 31% after the steel
was aging treated at the temperature of 480°C. Subsequent to EB welding,
likewise the maraging steel showed an enhanced mechanical strength but a
deteriorated ductility. This suggested that the heavily flow formed C-250
maraging steel can not be used for a direct EB welding. Further investigation
revealed that the maraging steel that had received a flow forming input of 79%
and a regular EB thermal energy showed 11% reversion austenite formed at the
intergranular boundaries of the steel after a conventional 480°C aging treatment.
The formation of reversion austenite, which was related to segregation of
alloying elements, had resulted in deterioration of mechanical properties, namely,
reduction of percentage elongation (1.2%) accounting for only 48% of the value
stipulated in the specification. This has created an adverse effect on the
mechanical property of the weldment of the maraging steel, and thus has greatly
limited the manufacturing process development for the highly efficient flow
forming fabrication and EBW.

Through reducing the EBW thermal energy input by 26%, not only the size of
the weld metal but the total area covered by the reversion austenite pools formed
was also reduced by 55%. Although the reversion austenite was not completely
eliminated, the tensile strength of the steel was effectively raised by 12%. To
solve the problem of inadequate ductility, an additional EBW stress relief was
conducted before the welding fabrication. As a result, the percentage elongation
was raised markedly by 108%, reaching a value of 2.5% and has thus met the
AMS 6520D specification requirement. In order to increase the efficiency of
manufacturing process and to develop a second EB welding route, a low thermal
EB energy was applied for post EBW annealing. This was meant to alter the
microstructure of the heat affect zone, namely to refine the gains through
re-crystallization, such that the fracture line (the weakest link line) in the welded
tensile specimens can be shifted outward to the dark etch area where (a+y’) dual
phase was located. This resulted in an 8% increase of tensile strength and a
remarkable 100% increase of percentage elongation, reaching 2.4% in value.

For the maraging steel that had received the flow forming amount of 79%,
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Abstract

the steel met the mechanical properties stipulated in the specification for the
temperature range of 450°C ~540°C after its various aging treatments. Among
these, the 480°C aging temperature showed the best performance because heavy
cold forming had enabled the steel to re-crystallize at a low temperature of
540°C After high temperature tensile test, the flow formed maraging steel met
the specification only in the 300°C ~500°C testing range. However, the
percentage elongation decreased to start with and then increased as the
temperature was increased. The lowest percentage elongation occurred at testing
temperature of 400°C ,where the maraging steel and the weldment of the steel
showed meager percentage elongation of 2.2% and 1.16% respectively, which
accounted for 88% and 46% of their corresponding specification values. For
tensile testing temperature beyond 600°C, fracture took place in the parent metal
and the fracture was initiated at the spot where Ti segregated.

The study has demonstrated that C-250 maraging steel is a suitable material
for manufacturing seamless thin-wall tubing through the cold forward flow
forming technique. After a simple 480°C aging treatment, the steel can deliver
superior room temperature and elevated temperature mechanical properties,
which are fit for below 480°C applications. However, the maraging steel has
been found not suitable for EB 'welding directly after cold flow forming, because
the weldment of the cold formed steel may suffer a serious inadequacy of
percentage elongation. The study has demonstrated that percentage elongation of
the maraging steel can be greatly improved if a pre-welding stress relief coupled
with low EB thermal energy input or singly by post welding annealing with low
EB energy is employed in the fabrication process. The purposes of the preceding
additional processing steps were to alter the microstructure in the weld metal
and in the heat affect zone. The improvement of the steel’s ductility resulted
from the preceding process modification was also demonstrated in the fracture
mode study of the present investigation. As a result of the present research, the
sticky problem associated with lack of ductility of the maraging steel that used

to trouble the aerospace and defense industries has been solved.

Keywords : Maraging steel, Flow forming, Electron beam welding, Stress relief,
Thermal input, Aging treatment, High temperature properties,
Reversion austenite, Recrystallization, Percentage elongation.
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1-1 fiy /e
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" Co~Mo » 4 &g it~ 2 18%Ni )ﬁﬂi“xﬁﬁs (Maraging steel) >
;_ 7)7% i3 ¢ (Solution annealing) &J2 5 % 4 friE BB > % § T 2 %
B 5 B D MR B AT B (Martens1te structure) Hisgd prax
(Aging)# gL » & Ji %{iﬁ«z&f« A Gy emh s BRI LB
(Intermetallic compound) » ™ FE & £ # f #% (Dislocation slip) % g it 41 2
ot L [13]

o PE A ST R B B R (8 0 £ F % AL %7 i |2 (Fracture
toughness) ~ 2 B 14 ~ £ A5 i3 2 L4345 o S i 5 FUpa2 TV EF
BRLRA PR AMe X BA e BMARDTE P RS
B ;’;‘I‘»’.iﬁf T2 A S B A R PR 2 R
LB R A BSES P 1R (R L-D[1-7]

B oy ATy DR L 2 QAR ST s R
¥ R * *2A54c 1 (Flow forming) %2 § <+ # 4%+ (Electron beam Weldmg,
EBW)## % 4c 1 @Az @ddeg i il FEEZ "‘—}ﬁ_ ko BL o
A AL S 2N s m 24 f’f%“'l*‘cl @lﬁ:}izﬁ[&n] ¥ i
EXEOFHGRLE P AR B AR e i 2 B
k2 BB T M&;ﬁﬁﬁﬁm[z 11- 13];1 a%*c@:] ROl B R
Bt %~ #8 5F (Heat affected zone, HAZ)/F SRS 2 DA
WA F RN
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ﬁﬁl%#« TR L )E AR BT Asatle £
480°C/6h/AC P rdLfs - 4% 3E Flag & Iy 7 (Segregation) (T *
Rapgt 3 EEAHAL e TH MR SERREEF L EH AP A
ik ez £ 0 Fikar ¥ 5 (Percentage elongation) B & * %X (1.2%) °
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2. I 2-1C-250 Wﬁi‘ﬁﬁﬁj

= > é}?&ﬁ*)@_ﬁ

2.1 C-250 F ¥ o5t

TRrmonah | F R E 1R (C< 0.03%) » st o h b A R
B oo FrBEonsh T HIA B RJILIE R PEA) A R e 48R 0 4 Ar D 2 R PR
%5 FH(30~35 HRC)§ & 1% #r{22. BCC & M H52 fr o 404k
B [2] e Lig TR EASE | B AP 55 470 NiMo feimif S 2
R LEY s R IFLEBE FIEED 35 L [2,14,15] c B EF > FIRAE
éﬁﬁﬁg%ﬁ’% IRk AR H’ﬁE%yH”®u$%
Bk {4 (B 2-1)> B 5 — skl @22 02 5 B [2,16] ° o
BRNE m.*é‘fi%a?“-'li}_%fr’s. Floreen [2]4f " fadn L v & P & * 3¢ 4OOC
HHEY 0 AMERT AP ERER YL FIR2 80% 0 #T0 HHEF
2 R REARE o % EAF 400C R e B AR F R S
AETe Ao PR f e A BT A i R R o MR P )ﬂﬂ* iﬁﬁwmfzﬁ
FBedite > i B i B RAAPOL 0 Aol 2-2 7o o FrERETAs K3 AR
A i 5t (Hardenability) > #ig &% %4 trid F e 8> 3 _-Lur.l?‘?a ¢
R T A o A R EoTw B BT L Af R en
A A Vs 0 B AR R ARG AR S
1[16,17] & *+ 12 + .'rfmfiﬂr} ,uf TRt AR BB E R S e
RBEEEF T LR ARENFE A L ER RS
[6,15,16,18,19] -

T

Tensile strength, ksi
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Tensile strength, MPa
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20 R 2-1C-250 Jfat #5384

Test temperature, ° F
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2500 T T T T T ™3 360
== Tensile strength
2250 \Q ——e Yield strength - 320
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N, \\* —
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q\ \ \\\wm} - 280
I \\\ P~ ~—— %
% s e i N, 4 P
g 18Ni(250) o S~ d o &
& Nao P~ \\ 20 &
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1500 i SN N
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""'--.\"'“‘--..., TS~ \
I~ ——, '~ \ - 200
18Ni(200) e \\ \
1250 ~ ‘
\ 4 180
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—200 =100 0 +100 200 300 400 500 600
Test temperature, °C
Test temperature, F
—200 0 +200 400 600 800 1000
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80
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%
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20
Elongation &
7
0
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2.7 R IpivEE 2-1C-250 ’fﬁ"ﬁﬁﬁ’:ﬁﬁj
2.UL R PE s 2 B

MFRIZBITILEFTE I3 ARSHEGHT Rp 28
25 1959 £ d F RFRE4L S FEE L Co it 2 18%N1}ﬁ‘pi‘;‘{ﬁ'ﬁﬁ
[19] » s 4mkla & 02 Fe-Ni 2 £ 4 % SHIAREIEE T AL E
B3 e fode sk ¥ 00 ConMo A Bt Ak o Ti 54t~ &
2 18% Ni fir P2k [7] o o »t P BB i b /0%
M XIREZOERERT o

1970 # %2 8 > Co s ZER PR 7 » NREFZ 3 °
R AR PR DU4] - 1981 £ d £ R/ Teledyne Vasco = & #7514
BAER S Ti 54 B 232 & Co frpso scﬁaﬁ[wzo] TR
Co% Tiwitm < kuge )j*lS%Nl}ﬁfﬁ £ EaY -3 O E o RER
5¢ & R 7 200 Ksi~350Ksi > ¥ % & % 200 ~ 250 ~ 300 % 350 = f& %
B 4y B 2 9 b ok(Peak-aged) % 2§ K35 & & 200250300 % 350
Ksio ¥ 35 209%Ni £ .259%Ni 2 fFrPErcdh > F1B 8 R PFF2 5~ @ 2
J‘zﬁé?*[ZI]o

JrE P o BAR SRR AR > O BB SR R P R AL
P 1 FE o0 PN RTRE SRR LEELBEL o P AR
T B v dy Wi B2 DB R o g A 5 [22] o PR T T R R 2
o AT R BT Se 1 2118 0 5 d 94807C = + e ks ,%/3%
FitEp kg it A, 2 FIRV A e S RAERHBE EN
B -

d A SRR Sk 1 g g B ik ] FA B e
FRBE HRELF R BT RS PR au ik ARk
WIS G Bgimit i3 EFreAd? L aipd g LER
WE o 3T R AR AR~ AT T FEPE AR ~ oF SRR R PR ek AR & 1
AL AR B R R PR 2 VLR R BTy 0 T IEEE - 2R &
[22] -
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2. RV 2-1C-250 Tt 554

212 FpPEscsn & £ & 2 B

Fil
‘_,4

18Ni frpEscdh 1 Co 2 Ti 5 1 &
,uCﬁ/:ﬁrE%f:’zﬁfﬁmsw%’ﬁ”‘#Mé %2 Ni~Co~Mo %2 > & 2
Ti~AlE~%>a Si-Mn~C-~S~P2 3 &4% M Fr b1t
ORGP L BRI o B AR AR (0 2-1)[23]
HH B 2 BT E A e T [24-30] ¢

302-1 FRPEocsh b kS B A & (Wh%)[8,23]

Element Ni Co Mo Ti Al Si(max) Mn(max) C(max) S(max) P(max) Fe

C-200 17-19 8.0-9.0 3.0-3.5 0.15-0.25 0.05-0.15 <0.1 <0.1 <0.03 <0.01 <0.01 Rem.
C-250 17-19 7.0-85 4.6-52 0.3-05 0.05-0.15 <0.1 <0.1 <0.03 <0.01 <0.01 Rem.
C-300 18-19 8.5-95 4.6-5.2 0.5-0.7 0.05-0.15 <0.1 <0.1 <0.03 <0.01 <0.01 Rem.
C-350 18-19 11.5-125 4.6-5.2 1.3-1.6 0.05-0.15 <0.1 <0.1 <0.03 <0.01 <0.01 Rem.

1. Ni : Ni g &% % =+ 9 feddd 48 & (Martensite start
temperature, Ms) » & 3 4v 1wt.% Ni € & Ms % 1.5 40°F (4- R
2-3)°Ni & Fe~Mo~Ti 2 Al #172& # 47 314 5 NizMo[2,31,32],
n-NisTi[33-36] ~ NisAI[37] % (Fe,Ni),(Mo,Ti) [15,38] = ¢ ** Ni
A% 270 4548 T~ % (Austenite stabilizer) » % )= jx #ru e
Boom s AL ii“é’i:,ié EEE FIR W e Rl S U TR s
B4 e gt - R BT 4B R R odn 3 R B & PR RO
it ¥z - é MY KRB AR R F R R -
F A AREETUERPETE A S o MR g R[8] e Fl@
Ni e% B #-9 8Hkss B~ 4 2757 14[15,39,40] © 5 SR
Ni iz — 4 B > BfrE2adh @ 4o » Co ~ % ©



2.9 R

2.Co

2-1C-250 Tﬁ'ﬁﬁﬁi"ﬂffﬁﬁ]‘

1000

800

Austenite reversion
on heating J 1400

90% transformed

600

Temperature, °C
Temperature, °F

Martensite
formation
on cooling

200

5 10 15 20 25 30 3
Fe Ni content, %

B 2-3 Fe-Ni = = i %Li# % 7 (Metastable)4p Bl[2] °

PR Bt A F 2 - 2 Co R AT IS2] 0 BT i

Fh ¥ ) 2 @42 B 1t (Short-range ordering ) > @ F A it stk o
5 ' Mo /o FTAB A B m//\ﬁ*}ii WA 4 S
Fe-Mo #p[41] > # { % e Mo % B pFsck Ji > M 4oty { 4
fmple® A 5353 e NisMo 47 U3 o 47 1 4e & gr4g d130 £ 2
Fre A iER A > R AR L i o 2 Co &2 Mo ¥k P >k
SR BERE SRR AR 4o @] 244~ 2-52-6 #7oT
[27,42] > Co se¥r| i i # > m S g B@ B R - ¥ - (T
* £ Co# = B -7 $748 Ms mﬁ%&émjﬁ.g}rlﬁ(lwt%mCo g ¢
Ms 239 10°F)[2] @ Frrescdh2 £ £ 7 EHRFB 54401 %
B R 2R LY AT 0 g MR e It ik BE[43] -



2% BRI

60 | |
5 MARAGED (MARTENSITE AGED AT 800 500 F) ™1
50 L_'__—-——' 175 Co, 8.3 Mo)
/ﬁ Co, 5.4 Mol
g as =
! 17 Co, 38Md)
a
g 40 [
g 35 175 Co, 2.2 Mo) I'
134 Co,1.9M0) ANNEALED MARTENSITE
30}—07 Co, 1.8 Mo)——
o l ]
25 -
205 0] 20 0 a0 50 50 70

COBALT % X MOLYBDENUM %

Bl 2-4 Co¥® Mo thz & {Hprpsash A B 2 58
400 :
—+— without Mo
—=— 2wit%Mo _ﬂ*____..ﬁ———*—**
—~ e dwi%M
g 30 1 27 gwieMo #,fff
o
Z 200t
=
4]
(=T
= 250 ¢
e
= 200}
150 - - s -
0 2 4 B 8 1C
Co (wt%)
Bl2-5 Co¥*Mo¥tFe-18Ni-Co-4Mo ,4 ¥vz2 Msi§ B 2. &

2-1C-250 ’ﬁ'ﬁﬁﬁ Ik

[27]

2R
L

[42]

550 2200 T T T T
g8 8—&—8&—
=
2000 + e ]
=
—— '-E--
500 1800 |
=
S 1800 | M_Hﬁ’x_
= 450 - e
= E ja00 | T 1
= ___f,f—f e .
- o e 1200 _____*-"‘_F'_ ___.a--"'_-f e — i
400 4 L 1 i P +— without Mo
e —+— without Co 1000 +—" = —=— 2wi%Mo
o —e— 5Wt%Co e —e— 4Wt%Mo
" —— 10Wt%Co —=— BwithMo
350 & — — = i 800 - - . :
10 107 10 10 10° 0 2 4 & ] 10
Ageing time (h) Co (wtfh)
(a) (b)
B2-6 Co¥fFe-18Ni-Co-4Mo St 58 1 () st A B 032 5 5 (b)Co 2

ROl

R 3 [42]



2. s 2-1C-250 Jefif #5584

3.Mo: 332 & i ~% o352 Fe-Ni-Mo & £:% 4 2 Jﬁ’f#'z'i’ Fe,Mo
AR o pLABEEAR S X TR AL 0 PR (FPEAS S Fe,Mo v i iR
# NizTit7d o Mo ¥ — #ac &0 > R K47 12 4% > @ Airix
T FCH & R 17 0 NigMo @ i 5] 38 1 e % (20 Ksi/l
wt%)em * 7 Mo Z gk 1 g4 i e Rt
Aok 2w & R di @ L g [2]° Mo E A e
TS R R S o T2 NI - RMEF Mo 7 £H{ 4 > % Ms
SR (E H e 1 W% Mo € # Ms " % 40°F) o 5t
Mo e4e » B AZHE 10%FF > H-F 2 A4t 2ra 48 i S
RN S -2 QK °

ak

4.Ti: 2 Coi i 2 FriFsash® >Ti 5t 24~ F > 1 & Ao
O A7 0 NTi a2 358 1 ek - R 40 ) 1 wt.%n i B
T & JFEPE Ak R G R #2100 Ksi(4r 8] 2-7 #757)[18] e Ti 7+ 7
E R A R R R iﬁ“‘ AETE AR R > FE K e ]
Wt.% e Ti 7 @ Ms % M 70°F 2% > Ti+ 7 2% o~ f 3R F 0
B F oW ARE A ls\rn,)g\x'ﬂy}“}OTlmg i F 0.6 wt% o
728 A 1.6%Wt%)F % 224 hit W ERep Aty T > ¥
900°C ~1100°C & P ¥ /g pF 3 A/t 7o 4 5 & 2 £ - & TiC
oo Bl PR S AR RN R RER
TiC fEwz 4 & m FERBME[2] -

I M 1

FrEEI8]1 A& E &A% CooMo 2 TifFagdi— B2 425%(1)
PELACY e AL H\&ﬁ}i XN E B REBRBE LR T 0 AHAL fhe
(Longitudinal) 573 % B8 ¥ — fhe 5 | > 4o 2-8 #7151 o

% Roap & (Ksi)=15.14-9.1(%Co) +-28.3(%Mo) +80.1(%T1) (D)
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2.9 R

Bl 2-7 Ti
/| B¥ > 900°F P2z 3 /] p)[18]

2-1C-250 Tﬁ'ﬁﬁﬁi’ﬂf‘jﬁﬁ]‘

330 /“
2 L J
320 >
]
- / o
"
o MO ,,‘: Py !
g a / /1
300
£ ¥ /
g 290 =
£ o
. 280 3
=
3 °t |/
- I laas
2 270 4 v
H d
F 260 x Transverse |0.060 sheet _|
© Longitudinol } 9.0 Co, 50 Mo
4 Transverse | 0.060 sheet |
250 ® Longitudinal { 8.4-9.6 Co,
| I l -M‘F - S.i-uo
24%2 03 04 05 06 Q07 08 OS5 (K- TR
Titanium Content, per cent A45097

5 B R oA (C-300)%% Rag B 2 B2 58 » (1500°F 2= Fi3 A |1

320 A L

VA
/ /
4

280 o—
6
270 E/ 2 o Longitudinal —

m Tronsverse

260 L 11 ]
31 32 33 34 35 36 37 38

Hardener Content, % Co+4 x % Mo+10x% Ti

3i0

Tensile Yield Strength, 1000 psi

Bl 2-8 Ti~Co % Mo i & ¥ 54k (C-300)"% 38 & 2. B8 o (1500°F

A BT 1 /) BF > 900°F P 3x 3 ) FF)[18]

S5.ALTAL AR RE P RGP it ~F 23 5 V& s

M B S IR L A o iﬁ,’é’)"fiﬂl‘_ﬁ = Al Tig 0 1 Ti
Srilde i v g i Al ehs B0 3 [11] 0 % FriEockk 3 AR o
Al PF2. NiAl 471355 b & 05 A p[44] 7 A 2 H & g v
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2.7 v 2-1C-250 Tﬁ'ﬂﬁiﬁfﬁﬁ]‘

Pedk 0 - 7 E 2 0.05~0.12 wt%hgeFIp 0 7 2§ 0 Rl
Fir AR > 4o 29 477 o & Al4e D 0.2 wt% o B0 § i
X5 LAk o e B R Ep PE R o

BASE COMPOSITION
_C Ni Co Mo Ti

002 187 T4 47 32

CONDITION: | HR./1SO0F + 3 HR./900°F
13- YIELD STRENGTH » 250,000 PSi

1 L . 1 1 1 1
<Ol 002 004 006 008 0Jo ol2
% ALUMINUM

B 2-9 Al & & %P vicdh (C-250) B8 &7 1444 7 2. B2 45 [8]

6. Sif= Mn : Si+Mn 7 £ A28 0.25 wt.%PF - ¢ " <R P s 257 o
4o 2-10 #77r o #7102 > Si4e Mn Z2 83203012 wt% o

g
4
e
E 4 [TO0"F ANNEAL
g 2
—BASE COMPOSTTION __

9 L N CoMT
E 0 00S 180 zqom%'%é
y CONDITION-ANNEALED FOR ONE HOUR +3HRS./900°F I500°F smen

8 |- YELD STRENGTH: I700°F ANNEAL 248-262000051 —°
g I1S00°F ANNEAL 257-267,000P5

[ 1 | 1 1 1 1

Ql 02 0.3 Q4 05 Q6 ar
% SILICON + % MANGANESE

B 2-10  Siqr Mn 7 & ¥ F5 vicgh (C-250) 79 &7 1414 2. B 5F[8]

7.C~N 2 O AffpPrash? 236~ 330 e 7 2ARMARE[2] 0 7
§FIH R BRBEEAF - C2 g %éitt003wt%'”fﬁ*
WRppE e L 5 10 1 r o g 3 F 428 0.05 wt% L pE o B
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2.9 IV 2-1C-250 e 555

d %% 252 TiC ~ Mo,C » @ &> Ti £ Mo 45 11 » B3 35 & *%
% > 4o@) 2-11 #557 o

EZ oM ONZEE M FRIHE€2 T TIN ¥R
FlR S NigTi 4peds 21 o @ *% K5 B "% # o FesC ~ TiN ~ TiC %
TiCN € @ #4412 %% o § C~N 7 & (% BF > 7 3 o iP5 ocdh 2
PRI buR 4 o

2 o
i

STRENGTH-1000PSI
g & 3
T 1
B
4%

4

[

~N

w»
I

R
o

o =
1
]

CHARPY 'V NOTCH
IMPACT ENERGY
L Ibs
5 = =5

°

0
b

B 2-11 B $Hp PR (C-250) 48 3 12 T 2 2 58(8]

8.S: S¥thrmrtswm 3 53 TRF-HZ
A7 fE P AFHBRE B BID

, -
’:"—r—ﬂ-‘ o

R #] = 0.01 wt.% 1 p o
B o PR SR2,14] b Bl 2-12

25 375
.] 0
\ o
E 20p~ 350 g
: £

I15p 325
gﬂ 3
§E @
o= -1300 lj
w ~ o
_Hi ~ ]
sl o5 Te T -ars £
CONDITION: mmsoo-r N 3ms 1900°F o]
YIELD STRENGTH=250,000 PS1 §

o—J . 1 A L 250

002 005 00 0I5 020 025

Yo SULFUR

Bl 2-12 S 7 & ¥ FFodp (C-250) B8 o7 1214 B 2 72 5[ 8]
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2.

2.1.3

2-1C-250 it #5554

Ji B d 4 ehge TG0 &

RS

FrPEscdh 2 e £ F LB AR A BA TR it E
B g T v BT E 24 o ¥ & 5 F% e IZ(Solution
treatment) % pF»c# i* (Age-hardening)® % 4 o

B 5 00a BAR B RGRfRR s cdp L o Fe-Ni = 2 &
T AP BI(4o ] 2-13) 18 5o 0§ Frpé oz Ni 2 £ 5 18%PF > 49 %)
BREA AR 600CALI2TT) M+ %2 & £35 5 v 19 (Austenite) 55
BEMNIAAREEREY R 600C T ®RFpF > P8 5 aty(Ferrite
+ Austenite)2 R & 280 b RIS o+ y APREF FrRE a2 Ni 7 £ B
B OREEFRRLERY ST L] PREARLERY ST
FNigg» d 23 RIRT RS R od R BRI
BIEREARY > £ £ FES TSR 0 B 5 d BX AP Bl(4- B
2-3) KARRIAD R F E A BRE B f]2]

d B 2-14 2. Fe-Ni = & k&% T Ap B#7o1 > JFpPFasash d [ 27
BARTC R RAITREZ SRR ATES Ms R T 8T a R A
R FEI MSERUTERAEN S Fro fush o H R lgr
BEREG M A BRGSO BT B4 AT

PIMFRE oA 7 2 FAER L ER R AP R T
o PR 2 AT T RJE 0 I - R L ol A4k i 38 ehR
U R AL o d B AP BIA T 0 R PE TR L TR AR S 2 MR T
AL R AR R B R R i B A% i 5 % #79 4 (Austenite start
temperature, As) o % pt— BEFM > T AsEREE Ms R > 5 49
i miﬁf'#’%] Nt IHJTTFBL'* ST AR A L_)ﬂ“ B TP o BT
v B 2] -

— 5 P P Ms 8 B 4 5 200°C ~300°C (390°F ~570°F) > A
BRRTOBA AT TRV R 2R 5 Y T o M e fiiﬁﬁf'ﬁﬁ
LRSS -2 (BCCiatp) 2 kfpoidd a8 RARAL ML
# (Tangled dislocation)® % 7 B & (Twin) > B3 — 42 7 B2 & B L[ﬁ
9 TR A 1 3 B (BCT) [12] 0 f %t B mvd
(Distortion) > & B ficm § &y (22 A4 chat B 12[18,21] o

[

>
[

&=

.
we
=

o
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2.7 v 2-1C-250 Tﬁ“ﬁﬁiﬁfﬁﬁ]‘

Temperature, " C
Temperature, °F

r’ ': = 1800
|
|
1
\ — 1600
1
1
B0O~ Austenite feversion
on healir\q: = 1400
Qb% transformed
' - 1200
600 l w
(] LN
¥ w00 £
2 ]
= H
g H
: ;
g —800 ~
400p
Martensite
formation -] %00
on cooling
1
1 -
200~ | =
|
|
|
\ =202
1
1
[i] 1 1 L L 1 1
5 0 15 0 25 30 3
Fe Ni content, %

B 2-14 Fe-Ni = =~ k%2 Ms 2 As 1p Bl[2]

ER R dL t8 0 35 1 A80°C AR 3 ) P2 EEa B ade > T E i DT
T B AR (4oBl 2-15) 0 B iFir i eh { ¢ 4 480°C S B4R F £ PF
B (25 /] PF)enpE 2 edR 7 2 € 3% 4 3 PFaengt (Y IR % [20] 0 i A A



2.3 BRI 2-1C-250 Tfr:ﬁﬁﬂ?'ﬂffﬁﬁ]‘

Fl A 47 T B R P AR 1L AR 0 o] 2-16 TR [43] o PR o4k 2
Ao Hp PESTA Tk (P 250 &m 5 480°C IR 3 A dE 0 TPV E
#7543 HRC 2. # & E[8]° e F s B & =~ M P4 F 73 = >
[45] FF R R = B 0 RIF] 5 47 DR R ke« 23 4 L 270 483
BRI % 0 1 195 B % M3 480°C AT HL AT Sk % [46-49] o

700 N/
370°C (700 °F)
500
425 °C (800 °F)
480°C (900 °F) »
y A Z =
> 500 -
I
§  |s40°C(1000°F) - / A
E,m 1 e . d
__....o""_ / —-‘/(‘“500 (600 °F)
300
200 |—/\,
0 10! 1 0 102 10°

Time, h

Bl 2-15  Frpdocsh & B CR R B P T T 26 R %1 [2]

300 T I
RAIiir s
r.l_' - 3
250 0.2% FE4R
200 80
b:3
;4
. aRsEL m
1 —
Ksi L ot i
#
100 40
50 20
¥
[ L . 2 . g o
0 Q
0 5 10 15 20 25

e eF A (e )

Bl 2-16  480°C (900°F)FF > o FF $F T-300 = +F # & it 2 B 8[43]
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2.9 R

2-1C-250 Tﬁ'ﬁﬁﬁi’ﬂf‘jﬁﬁ]‘

B C-250 B J BE o dh S R PR PRE T (S 0 13 AL L ET Y 4B
(Reversion austenite)#-i &g 2 & 47 114 NisMo 2.3 f&m A 2 [49,50]’
% f2 e NisMo 2 %g2_ ) évaezMo ,a% T2 AT o A e pEe
Al EREINGE Nio d 3 Ni b e il 7478 X As 2 Ms m_/i @

U £ R R A if*“ﬂ"ff.pﬁt"rﬂiﬁ’ % Nijk & AE 20%FF
Ltiifsvéﬂ_«u?“‘ P WA ST AT h R T AU
[49-51] -

K.V. Rajkumar % [52]4 3 C-250 2 Jj B 5tk 15 480°C (900°F) B
PRI IR P R A T BB B SRR K a3 § o Aol 2-17
AT 0 e EAT 40 ) PEE T R IR e R A B R A TS gt

\T

2o sk ’&%%vm/y‘éaﬁ 5% AL ETY B4 2 > @ (s
REASeBEREnSE > HARET :?i—??%ﬂii%%”w B hpP-id
HAvm AP R o g2 AEFY L 100 ) pF o #
32 d

B X
o

&?i’ﬁ%%ﬁﬁgﬁﬁi‘%Wﬁiii
iR I PR PR L RUE R it AT A S
dO s R SRR e tE i TP s Ao s R
bR LR P R (ETR R AT R Bk b R R o

2. ‘

g
7.‘"‘

025 1 10 100
35 T — T T

% 304 —— (Vol.% of austenite, XRD) /Cp : 650
*g 1 —=— Hardness \b - 600
T 254 /
9 1 -
2 ol ! {550 £
z /0 >
- 1 1]
5 15 o {500 3
5 1 B
E A v}
g 10 {450 T
g 1 E
5 95 / 4 400
2 ol SA _-&——/\——-&-—f—\-""&'&

. ' r . 350

025 1 10 100
Aging time, h
Bl 2-17 C-250 i b < 270 B2 A BT F Proapr i enig L £ [52]
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2. s 2-1C-250 Jefif #5584

TR RO B AR Y - BE R s £ o Rt
B2 JFEU AT G - B TP (AoRl 2-14) 0§ 2R SRR (430C
MTE) P g - B ORFNERE T 0 & TR A AT b &
Pl% R o mE 0 B ARBIESIREMUSOCHU ) 43 L £ AF o
PACGE F RS TR B TSR 2 2R » 57 E T T A

A (a—a )R] d Fra fTdl (o) §EBA 2294l (o) %
A BTa 44 (v) o heB 2-13 5 » HY o7 Nige® 5 BCC 48 »
V4 5 Nig 5 chFCC Ap » T % i % fL % 270 45[49,53]

d 3 Ni 5870 Ben® T/ Ay g B4 2R &
ERDRE S o AP 0 TP IR g TR S 3 R R AT
A e gL BTE AR RFRPE o B R & K PERY PR L R F2 -
[46] » ™ ¥ € "% (4 R AR IR R R F 58 R [54,55] 0 - Ak
T oM REAATY 2 2 PR R RH) 540°C ~815C(1000°F ~
1500°F)2 B » & % 2. % 5B B-X & 677°C (1250°F ) [56] » 4~ @] 2-18
TR e FI o BIARAERNAAE (oY) FITEARF TER
REGEIECE FIPRE SR Tl el
AR R B e d T > M) X FR
RAAETY 4B R RHRER TR
oo WAL BEHEETT S

N

Zﬂr

JhE P 24 58 R MEE A
oo G R ok g
o gEpRP) L FH D
BE &2 P8

Z

Db

Z;r

I~

. BRERETOBR AN 2B w4 o ¢ ERMFE R A2
i o

Z-i%rﬁ«% iﬁ«ﬂ”ﬁ*ﬁ‘i"‘“‘#/ﬁfﬁ o4kt 480°C 1 iR B s %6

SRR ) ‘«\\ o

3. lﬁfﬁ*iérﬂﬁé&n*‘ & 5 J:/f@az FIE TR S O E
HERGREEFCERFCR)EE R DA 45

%&p’WZWﬁﬁ%@ﬂ%iﬁﬂ%@o

—{'\
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ﬁ
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2
e
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2.3 v 2-1C-250 e #5584

80

+

40+

20 o

S\
0 o-c/ . L O

800 1000 1200 1400 1600
AGING TEMPERATURE (°F)

RETAINED AUSTENITE (VOLUME *4)

B 2-18 PFrcf RS R L SEr0 Bwig £ 2 B 20 A[56]

214 B ek et B

%ﬁﬁ%ﬁﬁﬁﬁmmmmw@%%k&%%ﬁ@%@%
G o d W TR EBRMAER T ERERY A RRAIIEL
ﬁ?ﬁ-*&ﬁiﬁ%ﬂ%ﬂiﬁgwm%DIS ;Wﬁﬁﬁn@W;
F% 5 22 & (Untwined) BCC Jpro AT4ie s » arft§ © & SpaTp 14
F[5T] M H F IR A lfi'—m_r'l"—jjélaiﬂ-);—‘\lf;’7 R 1A v/‘k[58]
#g B o MIG % 35 e Peooadh 3 2 08 W eI o T 5 4R IJ’ WILE 7
X (Vacuum annealing) > F| & 7z & > 3 @4 2 (0 F]4E[59] o & &R
mmmp SR gp o g AR PR R S
EAEFUER A BB R AET BT R H Ao A T M e
Ve AT Mt o g R [61]F § ‘\’}g{‘”i& o REEATE R A B o 4Ry
HEFT N2 G REAET B RS RN A A
M ER XM Bl PRE o - KB REMEEHEBLEERAYE
ES L RASLF - H AP B % e % 5 Untempered martensite » 7
A N pE GRS R 0 b AREERFE LA HME[15]
/ﬁfﬂf STAR 4% 1 B g 'ii%z‘%‘rmyﬁ EREZEBELELESFT
BE[62] o Ji P 24k ST = =0 & 7 %5 'R (Vacuum melting) > #& % i3 = £
Hen2 e S~Si~CPLLEZ %M naFRLaw it o pt
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2.9 R

2-1C-250 Tﬁ’rﬁﬁi’y‘jﬁﬁ]‘

ho & g in? AT Mo ~ & & Frd| A = & ¥ % (Crack inhibitor)
[40] > #eie 42 2 g A 1 o

PRI LR o A e ] 0 B ARSI T+ & 90
~100%% % » TIG 12 859%~95%= 2. ~ MIG ™ 8095 5 B 4 » % #
o B0 IR T 2 SRR ARL > A TS B R LR R
derd E R ATE AR e 4 ST [63,64] -

22 ATE 8,910 66.5 Jmm TF kA~ B2 8T PRk
Eﬁﬁ%%*W%@ﬁ’ﬂﬁﬁm%ﬂ%€ﬁﬁ%%ﬁﬁaﬁi

N SRR T AN Egieh s IR W o F LA < g T % 88.5% o

LRS- F LY

Jir P vl 3 4% 10 4% £ 7 R AR g ~ 2 (B 2-19) & AR
£5:¢ 2 JfF 9 AT L 279 4 (Martensitic + Austenite)[5].42 5 (] 2-20
22la)y 2 AR EBRT HAL ZZ BB T MR RSPy m AR e B T (]
22wyﬂ%»%kﬁJ%ﬂ*%<mﬂwﬁ@,741ié%?ﬁ
TAe e T 0 FIENA I AN @ A deenfen 474 ¥ E R F DR R4 (B
2-21¢) > o A e £ T 600C~750Cm A 2 5 A 879 48 o
“,% o BEXBRARIIRP I E L ZBAEERT o FRER
Sedy r BT AL BN RBEGER R 600CT ) 2w
B0 A 0 H R AR R 4 E[2]

1700

1600

1500 Base metal

%

\ HAZ

'\Fusion line

1400

1300

1200

1100

1000
900

800 /\Coarse grained

o region

o \L|ght etching
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| o Dark-etching
band

Temperature (C )

700

600

500

400 |-

300 L L L
Fe 5 10 15 1820 25 30 35 Ni

Weight Percentage Nickel
B2-19 C-2507 F A3 M =X g BB ¢

-,»\
=
“fﬂ\“\r
=
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2.0 R 2-1C-250 ffif 3554

M:Martensite
A:Austenite

L Unaffected base metal
Heat-affected zone

Coarse-grained region

Light-etching region

Bl 2-20 JrpEocams: 2R 2 BEERT R

Bl 2-21

C-250 FrP¥»cdl T+ K453 &2 HAZ 2 R 5 Bjlcdp 5

* o (a)gRiE 5 (b)
BREEH T (OFESF([11]

1 453 2

FoE B v £ F7 (815°C) 2 P 2%(480°C )R 15 o % géiiﬁ% i
7 BTE 4B[65,660] 0 M %R B TREAGE R ] € F A o 2R

R oo G4
Fld B APOTRIZ2 S B R FINI~Mo 2 Ti & & & hiki7 > §
AR ETY AR A s\mm&;% 4[66-68] F 3k it ¥ 11480°C Pz
RT3 4 [64,68] o Fl A PE k4 4R 18 B B P ALAJIT 0 d T

201 -



2. IR

2-1C-250 Wﬁﬁ’%
it E &R DRI 2 5 ot ATe s o BARE o it K
Be? xr o @ BRAEH AR M[11,1568] 5d EDS A 15 57 42 i
oo B R e AL L B 4B ‘9‘1%‘«“ Ni-Mo2 TiZ & gt~z 3

;ﬂ—‘»ggwun] YoB) 2-22 #Fom o o 4% 12 hpl ¥t g BEom 0 AL
AT B B 5 F A ETE 4B i B(Microcrack)iE (7 [69] 0 2t R
i e AT ¢ RIRICR 2T 0 480 BN B ande 0 2
2% lenF -
7}53:}7%73‘1: AT iE R g BE T [70] 0 FEah k17 HIA R > X 10 45
PE R A L EETAIE > R8T S 2 LR NI EEIR A
12 & L AR BT T o Y. Arata 22 Z. Paley % 4 [68,70]iF % >
C-250 4% & pFazm £ {7 1150°C ~1260°C(2100°F ~2300 F)miaﬁ;fri“
O s B R AR BT L > R Ed NSt TR R4

Tﬁ”ﬂ:ﬁtw\ﬂ
JH“"X:T

g L [8-11,15] -

NiKa
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TiKa

120 220 320 420 520 620 720 820 820 1020 1120 1220

Bl 2-22 C-250 rpesahp @+ R eEE 2 QU IT0 B3 T (QBEHART

WA R s 5 (b) B AEY s EDS ~ i £ A F
[11]
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2. s 2-1C-250 Jefif #5584

2. %L fg& T B

'

i

BELRAPEFERT B LZBES ?ﬁﬁ@ﬁﬁﬁ?%
#s % (Coarse-grained region) ~ et #1828 % ¢ B 2. & =4 % (Light-
etching region) % ¥ # 4} % # a2 o /% 4 3 (Dark-etching band) °

BT ARG MR BRI SR T R AT M
IR A L A L B S A R 3 K A e
e A (1] SR FIRE G v VR R TR Y ﬂﬁis:]%%ig_%
oo ARF TR AXHE X 5 4] 2-21b #7oT o

REA TR M T o0 4 B (Peak temperature) 3N e B T 22 05 24
L CEFABEAM  BAERAR AN d LI AR YRR
EAEREATIET o foed qe gl o P ARTREA T B R ¥
ARTO ARR BT A o

EAF I GXERERPT BRFERE Loy BEAREM 5 593C
2 B (1100°FZ 1350°F) [11,15]° B BiBPFF»TI % o M &
Pt IR RBECEZEEL ST AR
’-fﬁﬁkq”%ﬁﬁﬁﬁ%ﬁm¢ﬁ“3’%@Zﬂc%ﬁ°
AR B SR AT R A AT R R RTY e RS
R AR ATY B A AT B RS %%”M,
ﬁ%ﬁ@ﬁ&& BAEFERT ORETRE » Fpt it o B4 £ F
s EmEad T RE8,11]

R S =
\33‘* <
I+ &

A~ O

kﬂ

&

3. & 8FT 4 ) 8

%ua3éﬁﬁvﬁ%%$ﬁ%@Wgﬂ’&@;ﬁﬁ%ﬁiﬁ

a ‘\FF“? Z- ;AR
IR S P AT IR 14 "l:}-nﬁm,&’é’rn@ﬁgfaad*“é‘:lﬁ P R
B A BT d SR doRbOR S s B S o A kbR B 2 F\?Pfé:'%
el 5 B E 0 SR ETE A T B LA R o LR BT AR
AR I ERERLAIERERORESE YR B R

i % it F & (Reversion temperature, RT) % i« >



2.7 v 2-1C-250 ’ﬁ"ﬁﬁﬁfﬁﬁ]‘

4

t‘-}

ETIRS

}ﬁ;g R R B T R 2 T

o iteng sy P8

Qb
Q\
ey

s
H N

Ui
=
i
ie
se

S

[ Aging Temp.

Fluctuation due o
segregation of alloy
clements

Austenite pool

Austenite pool

Reversion Temp.

Dark - etching region

Microstructual position

B 2-23  jcdru 2 A8 T 7 B[7,24]
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2. hipeg 22 By

2.2

Ay A 1

A Ar L W E om A ST R - AR R SR
e E ;ggﬁ:g WREEE L AL E R 0 2 A
& %7 ¢ (Blank) & 47 2792 F (Preform)** - € _eig & *gg& ™ > | *
,?%(Roller)%w ; SR R H AR w@ﬂ;
(it o WE LG m,é\mm?
- ﬁ'g *;\-ﬂ,ﬁilg;}i,{iﬁr %1\."?]224 o B3 A8 B
%#rl“*m A4 F a1 A ko T F R R
T A AT RAFE o mgr U TFHAE L) FRE
LB RALA 2 L H i ® w2 [7]-75] -

N
ki

"*um
=

Bl 2-24 P 3N 0E S g A 58 184 1 (a)%.?. i1 (b)%ﬁjﬁlﬁi

-25 -



2.9 hipve

2-2 B

MEAGA LT RS IR AL E e 2 oo PR A G SR -
WEREA) 0 ¥ — & i A (Backward flow forming) @ #[72-75] 0 4

%]225 2-26 #75m c ESIES G w1 2 & Funds S rg,}fgﬁ_:—-!z-mgw

A R H NG RE 2Rl [ F 2 BhiERC e FBa g
Boii®s = o Ap £ o RIGES R0 7 0 S BamEyea o

&\\\_\\i‘“‘

(b) iR (HALIn e BRE S e AR F )

Bl 2-25 ME ~ A4 1o 7 BI[72]

max

A LA et T TR F 2 B BEE R “fﬁ"l () %
A L PE R A A P BT A i TR R

o W R
HE[7] o BRI E T (g) & 5 [73-75]

2)

" %100%

& =
0

GRE ERER Gt R R
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2. !

MANDREL ROTATED
BY DRILL AND
TRANSLATED
UPWARDS

THIN WALL OF
WORKED METAL

ROLLS SPACED 120°

APART ON SAME
HORIZONTAL PLANE

HEAVY UNWORKED
WALL OF cuP
(ORIGINAL waALL
THICKNESS)

FRIGTION PAD
EXERTING UPWARD

PRESSURE

MANDREL ROTATED
BY DRILL AND
TRANSLATED
DOWNWARDS

HEAVY UNWORKED
WALL OF CuP
(ORIGINAL WALL
THICKNESS)
MOVES UPWARDS
ON MANDREL

THIN WALL OF
WORKED METAL

ROLLS SPACED 120°
APART ON SAME
HORIZONTAL PLANE

FRICTION BETWEEN
BASE OF MANDREL
AND CUP TRANSMITS
MOTION TO CUuP

Bl 2-26 2541 7 3 BI[72]
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2. RV 22 Ry

P2kt B (g, ) TR EH IR B E LA
j'i@ iE > @@ IR A b 1 o AR AR TR T ch * AR
Eito Bl (t-t) EF =& 2 BEMN2L vHEE - - SHEHE2
AR A BRGS0 AT Ud B2 0 HiET
FAN SR o 2 F P BRI wE T Y Feahg 2o
B BEB R AR 2R T 5 0 Ao 2-27 HEoE

LT R BI[74,75]

vl 3 NG £ B EF R ARA T (Preform) ¥ % A
(Mandrel ) + » *2253% % e dn ! — T anE b SRR I L m (8

H
e E 2 PLEAE R A A U R RN A S B3 ﬂl_fi;i’%@ A
B 4w fd O] nphe = w i m A A5 %S A Ao f] 2-2
o e BB FIHEL R L A R T B AR
ez M R S E ARG A DS BHTT4,75] -

B 2-28 i A A 7om 7 B[74]
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2.9 R

2.3

2.3.1

2.3.2

23 o sy

T RER

TFAREBRGS

T+ R AR BN]12,76-78] 5 1 * 44§ 3 &4 (Thermal electron
emission) 5% TR EFZ L3 F TR+ A L EERELRE

BT F AR E AR RN > T 2 U MR T
EF LB RO AN R ﬁﬁﬁﬂoﬁ%ﬁﬂmm+% A
BRERAT AR & Fyr 2 ZHMERFI RN DM
%@?’ﬂwgﬁi%%ﬂdwihpvik’,wwﬁéﬂmiﬁ
Moo B 4 Afﬁi;@rfh’?v POk R SRR T S Lo SRR 4R

Mrimite > H r'r'%ﬁ’n\@ Fide 1 B E "‘T.,’cE EE e Flm b BT il

NFRH R B o dods s P Y H SR 2 o

o=

1950 # 4, ® Carl Zeis ' 2 & 7 Dr. Steigerword » &L [ * T+ &
ARG AR 0 1957 & JA. Stohr ¥ K erpi G vl A it gk % Eo
v o RP RGNt B F A gk b o il
TELRNUE D AT ARBRBEFTFETFE 21960 £ 0 1 X
Ry - ML F RSB PAFL RS TF AERBe KT CHT

2R B o
T RERERTE

T ABRRA(F229¢ 2 L 24(B2-30) T34 3
GRS FREE CCRFRT FASHFRBHE - LTSl kR
e wfg.z%.w TR A G fE —ﬁ;—‘ B - i
@@y RA TR e 100kV b oo @ MRS
;%ﬁr? TRAF TG HTS A '"Wiil?:**ﬁﬂ‘l?'éi

[ 4

F}.
O
~
<
-
<

?,—3‘ d % - B 1.3x107Pa (1x10* Torr) % B 2 2 chsk B ¥ > &
FAp BT o T3 AR (R 2-31)2 48 S (R 4 ) etA R B T n o
Gﬁ%@f‘%t%\f ,éf‘:;i‘] ] 2500C~2800Cmr§ '/.W_ y @ 3T 4'%%7;*_‘_’5- ° fE‘, L ;":_’j_
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2.9 R

23 o sy

W~ e ez BFhT R E > B A S KR KT 5

7o KRS PR L RE S URls 2 R 5 kP

WIROT 2 AR HHEERZF I FLRL M hERFIASF

REDTF R oM BEZTF AR T IR B ETER
& & ] (Electromagnetic focusing coil) 2% fiL#z 1% 4. (Magnetic lens) » #-
TFREESFAERAT I A FEEY Bl KE - RERE
T B & 41 B](Magnetic deflection coil) » * M 3247 + & hag
fod-® BT A 4 B R Hids (High frequency oscillation) o (5 d F if &
i BERESREF AN 03~07 Bk B
Hooom Rl RS B R S A o d TR
# 10°W/mm® s R FEI 24 G pFo €514 5 3K
1R(R 232) - BRRER Roi

T X A
f

En

—3- —
&R R Y
/x4 (Vapor hole) >

'z

3

{

Hi4k7 (Keyhole) o pt3td H B Rl fe £ A 2 i dide 4 &1
ERDEITRA 5 I APTHE AR 0 do M I F () 2-33)
PERRLIFEEANSBEOG R D g B GET Y L F
PR RRIG A e RAA BT GICBRF AR ETE

FHE i

=23 B L R Ay & g P [12,79-81] -

1 &3 !
{ HERTEERRE

1R 1) 5

:ﬁﬁ
AI 41 Ti{r
il

MR BRANEE BENE

B 2-29 7 F R4EEEF T & B[12]
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2.3 RV

Diffusion

__ Deflection/Focus
Cails

Warkpuecr_t_\
s

Vacuum Chamber I

3 e PRSI
high—wvoltage plug §oesssmieaimsg :w/ high—voltage insulatc

L

B R0

" quick~exechenge
cartridge with
cathode

L
ggclf}u%m throttle

%R : i
VACUUNTL PUIND —
R - T~ goemp
4 § beam—tube valve
JERE S

lighlening system

7381
telescope

Y FAE
deflection system __ T
eleclromagnetic lens

B 2-31 T F d&R2TF4 R B8]
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2% BRI

2-3 F R

Focused
. . {...——EBenergy-—.. __
Initial coupling
of EB energy
\\
, N Vapour ejection ‘,M‘:\ I},l
% : Effective
i i _— {7“‘——"‘"—“‘ heat
: source
A
¥\

Bl 2-32 T3 A44E2 47 % A 24 7 & B8]
Hectron Eeam
Molten Layer
Boundary g Yapor Hole
Solidifying Zone
£
e Selidified Weld

Moltan flow direction

e
Workpiece Travel

%

R 2-33

233 £&#H %k

T R R B8]

T ki &4 S8 4rid T B (Accelerating voltage, AV )
%+ 4 7 sn(Beam current, BC) ~ & £ 7 /it(Beam focus, BF) ~ 4% i &
(Travel speed, TS) ~ & % 7 /it (Filament current; FC) % % & ik, ## (Beam
deflection, BD) - 1 % §E &t (Gun-to-work distance, GTW) ~ E 7 A&
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2% BRI

2-3

(Vacuum) % - 7 3 & &1 2 & o '—"L'rﬂ‘z“éfj'é\ﬁfﬂi‘,h (Beam spot) ER
&4 AV~BC~BF 2 GTW #7;+ % > AV & BC # 4 » f| EB %
%gﬁﬁﬁﬁagﬁ“’%AV%?h%ﬁ%Q@ﬂ’mBCﬁﬁﬁ
TRRE TR AV S BCHff s sin o By ik ias
R o FAPM SHcA %o WH 4 TS P FEFER ST R I b
i R RR € A MR ] [8,79] -

THABRIEIAFRRALD PR BREE B (R
2-34) « B gy~ £ (0) &84 d s 5 (AV &2 BC k)

Fg,@’z*gn%])\ﬂiﬂ B Rz E L8]

AV (%4F) x BC (£32) x 60
#ia o~ £ 0(J/mm)= (3)

S (mm/min. )

o R = ; @)

bR B G fR

2 N fa} -
wm i "“‘"&'29 3359“512%"“
possi in
10.3 NN

(b)

£ 107 Electron | Vapourisation
= conduction
s 10"k beam and melting
= ' (keyholing)
= a0 —— —}4 —
— © co I )
“e 10° - laser| IGDEB RSdci!alct'

| conduction
“§E~ 108 ‘ Plasma | : dominated
2 0" L with melting

Arc processes

N @
Negligible

melting

No weldmg
possible

AN

B 2-34 52 # F R A T B[80]
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2.3 B

234 SRBR O

R

=i

=

o
|

s

FIpes}

e

-

=

W

2
|

e 3 % 1 ITEESE[82] o 4[] 2-35 47

2
R

*

2

Ze
g

x 7
Y ¥ Nap)

R

_

BEM

Wk

)k 4

i
T RSERE 2

7o WA R (T2 4

7
~

2.3

&

t

A micron Hg

107

torr

=Y

Hefep

7

LT

B 2-35 4%3%

(uorjerlaus

¥R H

TORA®

MEDIUM VACUUM

& %A (Vacuum level)Torr

QUIK-VAG

PARTIAL-VAG

NON VACUUM

HIGH VACUUM

2 B [11]

“ERRIFER

¥

7

sy

e
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2.9 R

235 TFRERFNM

= o

T+ RERNERFE[IIBI[E P v 4% 2
TIRMNEZBAET  ABBRF LKL HFRAFE 10°~10°
wmm’ > FleE fhe 1k L2 F A LR B 3 B i gk

% 7T B (25KV~200KV)+e i :# # (0.3~0.7 &k

W) A4 aBF LI PERI AL A AP R
gH»1Pp7§_§ v 4%Rip 2 BB SR F o AoB] 2-37 #77 - EBW
,.,t, TIG&%#WﬁLﬁ VBTN R FIBRA T RS Y0 1 B kR
) o wimig A ® o
ﬁ;&,%ﬁ dsso g ER BB G B m&hg,ﬁ/%w 4o B 2-38 &2
TIG % Plasma 2. 48 b g o 20 Bchiddl > ¥ - 8248 7@ » 2 3
ERERZEZER FEFIEF o 4 o
GREARE > viE 100mm/s> @ 24 F EA
ﬁﬁ&?%’fié4$°
TEARCAGIIHA L NI A 82 £ A8

?Hﬂ fAEBEFER AT “HhPF S BB’I‘#I’E

A 1301 F o IBEF AP BT T
& 5 doF) 2-39 -

\r:x
ﬁﬂ
B
b
-
gl
sk
NN
=
I

éﬂﬁﬁ%@i

Pove)

]

(a) (b)
Bl 2-37 EBW 4 TIG 4% 4% H 4235 +¢ & : (a)EBW » (B)TIG[11]
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2.

§
N

_t
' N —

¢ 50

——:if\d—-j-— —]'_—N..g _5..~_2_5_._.

b 2 1 1 1 1 1

TIG PLASMA EBW
B 2-38 4B A5k 2 v 1 [11]
AgAN AuBeCdCo CCCuFeMgM Mo Nb N PbPtReSnTa Ti V W

Ag - & Ag—[ TCISDXICIDICICIDDXICIDINICICISIDICEXICIDID
Al - 8 Al —|C C CIXIC C C
Au - & Au—|S CID|SIC CINISPISINDXINDCDIN
Be - # Be —[XiC N N DID
Cd - @ Cd—|C N| IDIDDXIDISIDININIDICIXINICINIININ
Co - # Co —|DIXIC CICIiCIXIC SICIS]S
Cr - & Cr —|CIXIDIXIDICI ICICIXICISIXICICICISICIXISIDIS
Cu -~ #® Cu—|C|C|S ClC| ICIXISIDICISICISIDICIDIXIDID
Fe — #& Fe — [DPICIXIDICICIC] IDICICEXICICIS S
Mg - % Mg — [X]|C S D DIN NDNIDINID
Mn - & Mn —|C DICICIS|C CIXIN
Mo — #8 Mo — |[DIXICIXINIXISIDICID|D DICLKIDISISISIS
Nb - 8 Nb — [NDXINPXIN CPXINDS N SISISIS
Ni - @ N —[ICPX[SIXIDISICISIC ClS
Pb ~ #& Pb —[CICDXINICICICICICIXICIDINIC NICINDXINID
Pt - 88 Pt —[SIX]IS SICISIS CIX|S C S
Re - ## Re — [DININIXINISISIDIXIN DIN|C D
Sn - & Sn —[CICIXID|CIXICIC D CIXID D
Ta — @ Ta — NIDIN DIXINDXISISIXIN SIXIS
Ti - & Ti —|C S D[X]S|S S| IS|C
vV -~ 8 V — NDIDIDISINIXISISIXINIXID Sl (S
W - o W —IDPINDXINDXISIDIXIDIDISISIXIDISEXID]SICIS
Zr - 8 Zr — D D S C|S

X A EHBILLEPH —F TR

SRR B ST

Fovr aA R e RS -7

S

C

D 7 EEZHEHGEI - f
N

EHARE R UL

il 2-39

B 1]
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2.

2.3.6

BRHADET LY

[SY

FOAAEEBRERPEFTLXEHRTE 0 0B 2-40 97
FoWIH ML AGBDFOREEES ORI AH A
POl S R T RRTER AL TAN RS AZHARER > 4
x&%ﬁh@%&%‘€Wfﬁm&‘5%%aifm?$“%°é¥%%%
BT 2 B A e £ [8,81-86]

AXBPEE (Unaffected zone )

ll.L"Pj:’;;I: b%ik*i7lr}?ﬁ’#gpﬁ,mﬂ» %LL ;,_égs]—’t s B 4P

»
%

T
P25 - AAXEREED AL EREPACIRE > # 25
WREAE B L DTS -

2R i» H A % (Partial solution zone )

PR R AR R o FIAR R BEAN A B
302 FoAnt Bpdm i g o
74 % ( Solution zone )

KHERCARBI S - AARER2BZ ALY T E
ﬁﬁ*ﬁﬁ@o
i* % ( Partial melted zone)

”&,% PERY NRBERESH AR SR -HX S
Teoo Flfo rEc B LRt o A5 B 2R 1Y R b O BRI
BRI AR RPN ARG S DL T doF] 2-41 #F
TR FIXBBEREREF b R TR R TR
Mo FAEREMRY A2 Hhb 87075 23 b bk &a 3 3

4 i ny /JfJEFL‘?\
FHRALANE EEREBILE TR E T UG T B
?ﬁéﬁ SRt a5 BB R R [8]
N — 4% 35— i rdL— P AL
%ﬁ@aﬁ&aﬁk
BRI R i s

2R VE
ARV Y-

‘Lﬂ
>'»

N

‘L‘.l_'*'_l
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2.7 A 23 FE s

a4, 244

AREBRGNEREATREREEP LRI L E AR YT

"

b AR o i ¥ TR FRE R AR e ¢ (Homogenization )

I

1. 130 423305 it AT B AL — B b
2. BB ESID I gL P p

TR YA & & HAZ 5P B
o3 ey by . P 3] &
B#EE BEFHE
BALE ’ BEE & YEE H
| ‘
. T § i
Partial ﬂg}tm Lone Partial Solution Zone | ‘ Unaffected Zone
Solution Zone : Overaged Zone |
I T e ‘
[ RRATEERS ! s
LAk B s 3 ,
L amk ‘ } e ETTrYTE
SE T REAR, - [ AEEEET —_
_ BER g
-, S ] 5 0 3 L ‘ l b e b |
L THEREE MR SRR Y BIIERE |
LA A BRI L RAERE HURHE |

Bl 2-40 47 1A it 3] & £ HAZ 3P B[82]

deposited

. material
alh, }

.‘ parent

material

Bl 2-41 “p st ehip i 5 s R BI[83]
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2. RV 24 B BRI (3 £ VR

24 Pyt E L &2 BT

s b ke 2 5 4 1 A i (Work hardening) » #i% % * (Solid
solution strengthening) % 45 d1 & it (Precipitation hardening)° 1906 ~1909
EREELFF Wilm 8748 £I5 VRAJLR R F 0 BLET
HORSEPFR 2 B E @ 4o > B 545 H 2 F B R[19] .

1919 # d Mericaetal » Waltenberg £ Scott 3% ) # & FL & 7 1132
wW[19]> BEFE &£+ 5303 AR 5 T ABRBAIL ) LA FHICHE
kR R H B RY FEsL > 04p(CuA) kA 2 A Sk o 25
i 47 {773 %8 (Super saturated solid solution) > Mericaetal 2§ 4+ & £ /%
s de it - BROEPER G B 0 B4 0 4R o Ag AT AT 4
(Submicroscopic dispersion)f=+ » @ & & & {F 1213 i o

1921 & Jeffries 2 Archer ¥t47 13 f* ehig il L Foa g
[19] » 42 B ATk 2 ficmaik + 3 T #H»cit | (Keying effect) -
Bl WM g AL &ﬁﬂl%SMMMakmm®J’ﬂ“£+ﬁﬁﬁﬂc
B 2-42 &g or A7 A VA & & B HIA IR (8 ¥ 13T I B JR pE s H Pk
m&mwﬂmﬁui4;4j,%~Bﬁmm§ﬂ5wéﬁﬁaﬁwﬂ?’ﬁﬂ
Y P S TP LY SRR AT
4 B E DA R gk o

BE —

B 2-42 45 I3 2 B ERE AR B %1 [19]
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2.9 R

AP Al-Cu /J _%

2-4 ¥R - F/‘[Q VB

ﬁﬁﬁﬂ% ‘@A S ﬁ:"ﬂfmj &% GEE A B O B R
w7 (B 2-43) > u g 5.6wWt% T s & e #
i

3 MY E R RGASC) A fERY M REAE R # 04p(CuAly)
DIEB o FAMY o ISR IR o FIA W e ok i
P FIR MY X R AV EERE Y +%*ﬁﬁm%r+7u@
o E A T 150°C~200°C55'5"f 3 f@i R-2 gk F o Ry
AR A > gt T 547 0 RIE &AL kg

B 2-43 Al-Cu % & &2 4 B

T OB pRPE AN 2 47 15 1 484 0 # 5 AL Goldberg ¥ MFUL&E']‘
[31,32,37] > & & fd * B0 404 AR N R IniT 0 420 Pkt 7 0
A f 45 ik & B (Lath boundary)® Z # F = % > BE ¥ PFocpr F 3 4r 0 47

M AR R ARG > EREELEHE A 5 BB HET L P IE
Z_ A 1 s g[2,15] °

Iﬁﬂi‘f»éﬁs g P o EFE £ P2 A g AT LR o 0 C-250
AT RAG - AL x»,#(Rlbbon)mﬁ 4‘% »Ni;Mo[2,31,32],
N-Ni;Ti[33- 36]5 NiAI[37] 5 ¥ — #& 5 B s 14 > (Fe,Ni),(Mo, Ti)

[15,38]2& & aFe-Ti[32]c @ r2 T-250 & = » 4 35 i% ;;L; i m-NisTi[15] ©
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2.3 VR 2-5 BEIRGGE S SRl T
25 BAERIBRLTORE

T P p 8l 20 B RJd2 S 815°C HB RJIZ S £ 4 0 %% My (Martensite
finish temperature);§ & ™2 * Fﬁa ER U W AR fo: L eI £ L
FERE S 2 2 2 R A4S 0 B O o w2 N o Bk
e Al RTINS Il | ELL* LEATz AR > HiF L e R
e d MBI IR AT TR AR A F S Mo~Ti
Al[19] -

¥ F%m 1* (Grain-size reduction) & ¥ /8 T 0 HAl it ndE & £ B2
- ° & 5§ % Hall-Petch # ! ch= 3¢ 6,=cotkD " Hp 1 4 BHE Y o
PP REFREDHFEZR DR FHon EREERLEN D
P [87] Bi®* 4 TAPRFIFARFEL N FRAEBAN
tro A PEEHAE RS S A b R4 g g H LW
WR O REPEGE MR 5K F R o Rkt g 2
SR bldet £ &G il AR B (RUUL) 41 8 R AD
frid §feit b1 L PRAJT LR g, B(88] -

Bl 2-44 =rBE7 0 Jode ¥ 18Ni(2100 MPa) Jfr ¥ ks 140 28
oo gptm it 1F S AR s B~ o (0 E 0 Rt
e 2 03 pm~400 um 2 F H BCC £ #1587 & Hall-Petch
2 3V[89] - Katzy % 5 % [9013% 3 &4 fm it — (F B o B >k 22
5 14 & Bt b 6OOMPao

B 3 [0150 5 Skt -t AR ¥ 18NI R v 4348 P 2cdp i
B~%HMEAEA - 2 BE LB RRPEL LG RS 0 0 UL
- G AR P F LE ?#gﬁiﬁ*i@ﬁéiﬁ °

%% [92]F Pam)?iéﬁ : $mE?J[..m B 4 BE 5 5 )
Merrfsg s o B R FIE gy Ad T Alee ] e bl Y 5
1l %’%’r} 5 E"h;ﬁﬁ, 9 ﬁﬂ‘; °

H. J. Rack # D. Kalish & % [50]4% /& A #48 2IL > ¢ » & frp*
e AT e Rt - DA R AU R A
R RERE) H - SRR AF A o AR 2 B AT BT
gt (G Fraaj) H Ej-/}fi‘fﬁ/}é“ & 70% o FpAjz fpfe il Bk 0 %

2

1A

ﬁﬂ

{

N

i
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2. v 2-5 BRI W PR s T Y 4

%#%1&&@&T%ﬁ’ﬁﬁ&wkﬁﬁﬁli ﬁ ERtari:

3 wE 24 . E 1
ﬁ%ﬁ%i@@*$ﬁﬁ¥%ﬁw¢%ﬁ*ﬁﬂﬁg@@4$ﬁ g
King caf WO RS D)RRT (O (d)E g A4
#» [ Homogenization (dispersal) of slip ] % = 5% o

210

s [ J [] L [ o
S 200 f HELCHL
® 190 s ~o~—0_ 8 2
iy 46
3l ik | o——0 i
5= 60 4 =
NN
AT 12+
40
é
;r 20 ]
: [
pa 0
O] 1° =
S
EHA Jio &
& 3000 o 5 @_n
g 4o
Z _® |
& 2000 .
% ©__@_____©——
¥ i
#1000 Lu |
20 50 100 200 300

e

B12-44 &R $HI8NI(2100 MPa) ik i 1 it s 58[22]
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3R A 3-1 Wit Rl

3.1

3.2

B3 2 RE

Lk

AR TR AL L C-250 SR PF o4k g 0 T R AMS 6512C[23]
%%E@(Fﬁﬁﬁiéﬁ—WMNMU’éi%ﬁﬂﬁﬁﬁﬁkﬁ
B B R R Y R & B st (Scanning electron microscopy, SEM)
"fq‘@f%i it £ ¢ $7 X k3 & (Energy dispersive x-ray spectrometry, EDS )
EORIBRET = A AT o

AR

O%Oﬁﬁﬁ%?%%E@ﬁ%%iﬁ?ﬁléﬁﬁﬁﬁﬁﬁ’
SR AR AT UE B AJE LS B R A BB
?P@mﬁﬁﬁﬁﬁﬁiﬁﬁﬁﬁﬁﬁ’H%%%ﬁﬁﬁﬁﬂﬂéﬁ
PRl g p ik o
AT R AL R 5w AE
5T FrPEcdh F M T 0% ~ 58%% 9% e A REE SRR R o
KR R

<y

>
~

|

¥ =
L2 BRESRE "Il R T+ 8K
2m§wﬂﬁw@¥¢f 41 ﬁ»%ﬁﬁo
3. UMEAET I AETIEHAZ B FREI o
FZ A PR
F - K AR P TR T o
2. % - 55 A5(79%):# 235 10 F e PEACE R AT o
LR e DR PR R o
FwoAE % - R % 2 8EEA5(79%)F 12 24 1 SR g A T

7Rk AT
SR SV - B LR - DA - B3 Y
12 4c ) 3-1 %77 o

NN\
LS
-

1
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3R R 3-3 GRS

—» Microhardness
Room
temperature
tensile test
. Machining | EB .
Microhardness 1.7 mm (0%) > Pre-heating —»  Tensile test
High
? ¢ temperature
Maraging steel Pref Forward flow cal tensile test
C-250 degree —»  Solution ¥ retorm by forming | —¥ EBW Aging N thlca
machining o microscopy
tube 1.7 mm (58%)
Ontical Forward flow EB
ptica forming — Continue- > SEM — EDS
TICroscopy 1.7 mm (79%) heating
Stress relieving — — XRD
Solution : 815°C/1h/AC
Stress relieving : 480°C/6h/AC
Aging treatments : 450°C,480°C,510°C,540°C,570°C,600°C /6h/AC TEM
Ly

Bl 3-1 i BF i 8 B 1 8ok T AR

33 %A3¥ HliE

T B 24 92 g 5 815 C/lh/AC(Alr cooling) Fi% # 2 S > 4v 1 B
RZHEARRE (R 3D F- AR E 2 WA FEER 17 mm
o fakr g B /_é%}if;)i 4 mm 2_3EARE 0 KBRS 4 TF A
I REESRFET L7 mmo BS 1,51}6‘—; 5 58%; %= fEMrg B
’F‘f FEE B 8 mm 2. % I‘}”L'F‘: » JEOE TR AL L T A L i Eg"‘%—‘fﬁ;}é‘“i 1.7
mm > B SgiE 5 iE 79% o

331 wyalicg £

Item Before flow forming process Reduce % | Thickness after working
1 | Solution treatment — Machining — 1.7 mm 0% 1.7 mm
2 | Solution treatment — Machining — 4.0 mm 58% 1.7 mm
3 | Solution treatment — Machining — 8.0 mm 79% 1.7 mm

Note : Solution treatment (815°C/1h/AC)
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3R PRI AT

3.4

34.1

T RER

WK % 5 F W Ferranti sciaky @i > Power output = 60 kV %
120kV Z3% o 258 B4R M7 Ao BT F L4 34 ¥ 1.3x107
Pa(1x10"Torr) £ 5 T 7o - MERHZ LA w2 HiL B3 &
gAY 2 A e AL N e m C250 B onds Bl 7 R E 1R
M (<0.03 wt.% ) » 453 S F 18 ) = B o %{éﬁa.@_fﬁ« » KL R %) 30
~35 HRC z_ f& > n%ﬁ4ﬁ%’ﬁﬁaﬁﬁﬁﬁﬁo£ﬁ{@@
SHEZOMARFERG L A BERTEA(<0.010wWt%)
%%Hﬁﬂﬁ(&wdﬁ@iﬁjy%’“ﬂ“ﬁﬁpéwééi
KEEH o

T RERTK

&~

JRE PP S SEASA (The (S 0 R S LT F AR H

BRI\ 5 KN

“1

Food TS ARG REEEaE U R B2 BEET
2 MR B A R
PO A MBATOT I A AEET W UIERE FRAIL > UK
B L9
RG22 B FH LRS-

AR SRR AR AT AR A-FIR G AR oL
8o W FEER R RE o B S iAot 322 77 o

# 3-2 C-250 frpE»adh e )¢ 2 EB 4545 2 EB # 2 S84

. Value
Parameter item
E HOE SLOE HE EH HEH *HT
Stress relieving (480°C/6h/AC) S S S S
EBW and heat treatments (HT) process HT—EBW EBW—HT HT—EBW—HT
Welding / heat-treated thermal Input (J)  49.0;50.0 66.5 49.0 */28.0 49/* */28.0/* *=19.0
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3R T 3-5 ERVEHRE )

342 T+ L #mIL

FEPE sl S d A T A4 1 18 0 A RPTE S AR AR M
FRF 4 &?Eﬁﬁ&m’:ﬁ B b IR B RIE (4 ztﬁ;wr% 3-2)’%4;; e
LTS RARRE RS RERS T E M S T 3
B EgEwm R URME FT S AT ﬁ?;&.m-’:g;}q_ £ 1L I A T
60 AR R > TR UM H FT I R AR e R IE o R
FRFIGHEY ROL S0+ o Jhd o R BAPBIRIAE > FEHE
B SRR EHSERREREHEE PRETORE T 48
FelR AR BT R B 4o 3-2 HroE e

E-beam

Pre-heating Continue-heating

Fl3-2 2803 AFREFHERT LR

35 fS#mILFE%KZE KA

#EIL RS K # 5 BBC 2 Pit type % 8 % & Lmdberg (Bluen)z
#.Yg (Furnace heat treating electric ; max. 1500°C) o 5324 1 2 i F‘*
rkl C-250 & 72 A B 1Bl > L A B EIL B AR P ‘a.#fvb &~F DR
ZEVH D A IIFEL AR BT BRI G o A T R
LHUpREBIE 1000°C 1 > F AP B R 2R D
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3R R

3.5 EEVEDRE )

7% AR ©

A ER R FEATARS o ¢ TR R AJIE 2
S _i L LA e (8 B Y 4~5

HRC) » & Jf £ X EE,‘: CESTEARS AL H R PR R R o 2

Mmoo B EEPEACE Gy FIRAEN FUE M _‘ﬂgb%@ﬁ Wikss ¢ 4 2

2 P (Under aging) # 48 B »&(Over aging) #AJLH # 4 42 7 o A e

HR B AT l ehiE e o

3.5.1 pFa#t e

C-250 *22) § &) % 32518 815°C/1h/AC AT #EST > )
o L S PE e L A ed® oy A a ALV B R S IR o i AMS

v

6520C - 6520D[93,94]1< ﬁﬂi‘ A RS IR IE R R G480
C FREERFO6FETLAT FE % ?'7}54121@?“ )/ IR
F R TR R T TP R R R E-Eﬁﬁfu B E TR P R
oo Tl 0 12 450°C/6h 3 B PEsR B 2 kR pEaR B 480°C/6h iE
Rips b o gEd s TR R 0 R E T P (510°C/6h 5 540°C/6h ;
570°C/6h ; 600°C/6h)ed® » RIr43% B PFocif B 1 % TR pracf B Y
Fo REFIFRA LI BE BT #ﬁ%ﬂoﬁﬁéﬁiﬁﬁl
JEEME MG R E B W F P g XL
PATiE PR R 2R SRR hitie it~ B R R
TR 3 o o ondh 2 B2 AR R > 4ol 3-3 #77F o

810°C/1h
800 [ aAc
[ v a-phase(BCC) : martensite(M)
“‘ “‘ y-phase(FCC) : austensite(y)
—~
Q _-_of_-_._"o ____________________________________________
| \ 600°C/6h
o 600 | \ 570°C/6h
~ ‘ \ 540°C/6h
| \ 510°Cloh
o \ 480°Cl6h
5 | \ / | 450°Cith
2 | ‘ I
@ 400 |- | \
s | |
[«B]
e |
| |
e | \
= 200 H \
| |
| solution \
i treatment | aging treatment
| a+ty phases | RT. intermetallic compounds
olv v v A R

o 1 2 3 4 5 6 7 8 9 10 11 12 13
Time (h)

B 3-3  JppPEoRAR 2 Ak FRIE AR A
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3BT 3-6 RV B R

3.6

3.7

3.7.1

A RERZE KA

M BERP ey B RV 4c w0 ~ {8 0 EB 4% 18 2 et

ST P rca A R e Y R NSRRI R
:+,:m ,jﬁﬁvﬁf?,\?@&ém z F\ S 4?)?_% _u;@g:la s .'13§T§7P e
e TR B2 B oo AT rH B X % % Matsuzawa 2.
MXT70 o € B]iE & %202 300 n € BT IS5 4) > K& P i3
RAZAFLELR HEZEHRE (HRC)o

PSR

B RA S B W B B B B R
RS AL hhe S e FE T 4o 3-4a 7T o Y T ASTM E370
AR 2 AR T W @ I BT G MR
k7 R 2 160x200mm > i &2 R S N IT R A o F R 4eE]
3-4b ~ B 3-4¢c #7or AR BcE ok 3-3 Ao o B 3ESR T2 MTS(810
Material test system):i& {7 » 3RZR £ 2 5 1 ¥ g F %k (0.2% Offset)
T 0.2 mm/min; "% K {& 2 mm/min; #=FF 50.8 mm iFE 5 #ic i ASTM E370
HE BT 6F ) o IR I A T IOIE Y -

YEEE R

iRk B EA L 8 TS ‘?}\ﬁi%‘ﬁ%é”ﬁ‘}ﬂ"‘,ﬁciécl[@:! 3
3 éﬁ?/‘?“’%n 19 % pE T IR 2 LA L Tﬁv—ﬁ)é@[ﬁf%
Sk o F B PE2 B (VAR o T > FERARE|T A LT S k4
W - AR A A 58%2% A T9% 241 B R H A e
A1 B2 T REE S FZHLF - KA BEE Y )
?4 ﬁﬁ;%mﬁ%?;iﬁﬁﬁﬁ ﬁﬁaﬁwgﬁéﬁ;%
oo dikiag
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AR T N

372 BELE YR

FrEsckh £ § BE OB R RET o M EAPT EEF R
400°CHBE " » R ERT 2P 2 REAR G5 T E 2 80%[2] > ¥
BOAFRS 2R FEFEEAY o §E AR A00C AR ST A
WRME SRR M RE a4 RF] A Peid R o MURPE 0 frPE
Yok ehsh R b 0 SE H B B R0 e TP 0 AP REW ARG
T9% %A1 B R F R AL GRFROCRILE 0 27 3000~
800C 7 Ip B BRI ™ 2 £ 0 3% » vk B oondn LA B Ak iF
el 2T AR B EBRIEY

78

160 -
Unit:mm

125 / Weld metal
]

? R12.5j\T+u_
Rl

160

SN

A

Unitmm

Bl 3-4 HEZEZ2FELEEY ASTMEIT0 R T2~ Bl(a)g # 74
fel B(b)EAFHREL PR LA BC)ETF dEiREp
ARl
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3R T 3-7 $ iR
F 3-3 sy PR TR P Bl S el i A
Solution — Working procedures and specimen numbers (t=1.7 mm)
Item | forming(0%) | forming(58%) forming(79%) Sum  |Specification| Method
FO FOE F58 | FS8E | F79 | F79E | FHOE |FSLOE| FHE | FEH | FHEH
Water &wire
As 6 6 6 6 6 6 6 (©6) ©) | © | ) | 4224) | ASTME370 ,
cutting
Water &wire
A450 6 6 ASTM E370 .
cutting
Water &wire
A480 | 6 6 6 6 | 6481 | 6[48]| 6 ©6) ©) | ©) | (6) |42[96]1(24)| ASTM E370 ,
cutting
Water &wire
AS10 6 6 ASTM E370 .
cutting
Water &wire
AS540 6 6 ASTM E370 .
cutting
Water &wire
A570 6 6 ASTM E370 .
cutting
Water &wire
A600 6 6 ASTM E370 .
cutting
&3 12 12 12 12 |42[48] | 12[48] 12 (12) (12) (12) (12) 190[96](48)
ELEEEY (3mmx20mm & 3 F 0 23129 7
2.9 B 3R
() F P2
(2) FO P AR
(3) F58 58%3% 354 1 &
(4) F79 FT19% A A 1
(5)E AR ¥
(6) FHE DT79% YAt BT RIS AR
(7) FEH 79%% 254 1 2+ + A KR+ &
(8) FHEH T9%% 254 1 E+T F A A HERE T
(9) FHOE P T19% A5 A 1 B4R ﬁ@ﬁ%}”ifﬁ*" €= 3
(10) FSLOE = 79%*% )% 1 £ +/& 4 i ' + @%@3@1 »ETF RAER

(D[]

38 T iE 2
(1) As

(2) A450

(3) A480 ; A

(4) A510
(5) A540
(6) A570
(7) A600
&) ()

DB R 2R E(300°C 0 400°C

800°C)

DR A A R
D K P A ESE (450°C/6h/AC)

DR A 2 (480°C/6h/AC)

DGR P RdE (510°C/6h/AC)

R
i T

(540°C/6h/AC)
(570°C/6h/AC)

D § B PR EIE (600°C/6h/AC)

FELED ¥
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(480°C/6h/AC)

» 500°C » 600°C > 700C -




SRR A 3-8 & il %= EDS i

3.8

ANRBR 1 2 Rl 0 AR ORI 4 1 2 BRI 1.7 mm
2R O BEH IR 2 p;%ﬁ%#kﬂa%#ﬁ?”@%
T R ER mv'ﬁ‘%ﬁﬂ?i#&% %% (AMS 6520D--4 41 )
[94] > F 1ok * Sp 3 FRpEPF 2 45 (AMS 6512C-48:$ 7 ) K pafh i
(A RSN S N L RS S YA P SRR R - e
W 3R5 % % 20 AMS 6520D R s vt ez R pt A g B T A
B4 ek :

BB R4S 5 58%% 79%
de1 e A B hdhe o EHAEARY S p G s o
oreid (4l » B AR chie 1A 12Tk o
%”%Bé&&mﬁo
£ P ATk A § 5 38R aiE 4 (%% ASTM E8.2 Fig 13 Tension

test specimens for large-diameter tubular products) °

BB E EDS 247

SAPELERP o AR BIVERGEA, T ~ {8 L A AIEE 2 EB
% 3% 2 ‘E/éggﬁf[ﬁfﬁ)iéﬁ? &F“ﬁ(‘f’_‘%« P HRP R E thigd L
7 I HEIE &2 %A 1 BT 4 3 mmx20 mm o] 3% % 4B 3-5(a)
S e AT ARI 1S > MR T RIS A B sl 2500 BLAT B iS o
L g i sER R AT TR 0.05um Bofs £ & T 4RiR & RETR
7% (30 ml HC1+ 10 ml HNO; +CuCl, ) 4c 1 jz4 I B2 e o LR 5
GREF L BERG R  hEEEE o 2P RAC FLENE
(Optical microscopy, OM)% SEM o B % & © #7542 1 & B » 4@
3-5(b)~ B 3-5(d)#77F -

-
(b) (©) (d)

(a)

B 3-5 BEFT AT X E
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3R A 3-9 XA T

ﬁ%ﬁo

3.9 X k¥ 5(XRD)A #

F* Xk Yebt 4 47 (X-ray diffraction analysis, XRD):# i f/i%)

1 BAJEZ EBW % (52 BB BRI 0 i 0 B R R
s GApRmBE e e B8 g L BEARE 2 aJg2is > B 3
mmx12 mm = -] > BIEEF X ¥R MR PR A ED 1000
BLo R PAMIREFEE T o @ %K AE L Bede DI B fETA X E
¥e8t 1% (High resolution X-ray diffractmeter, XRD) » F 2 i it 5

e+ 1 CuKa (1.54056 A)

& B/T o 140kV ;5 40 mA

S IR
TR R 4 R/E A

HETAR 002 A
FRARFPE 4RI 120 B

S o

310 7 E ' T+ BB (TEM) 22 £ 47

AFBREIR L IFATEI W B LA RPRAEEZ TF L
&% 35 e P s B A e *%‘357%3?“’?5@5%@??”%,15 ~ JEOL,
JEM-2100F -3 &+ 7 % 3% 7 & B fic 4 (Field emission transmission
electron microscope, FETEM) o

FEHEE R AR A E X 5 mmx10 mmx0.2 mm | 3R
oo p T R AT 600—1200 AT B R 0.1 mm 4T 2 EERE R
(Thin foil) » 2 Punch # B~ % /& 3 mm 2. {135/ % > £ ] * 2000 58t
@R A E1 0.05 mm~0.06 mm -
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3R A 3-10 TEM [UliiEs== 55 v

R B eDIF] 253 2 2 20% HC104 + 80% P f%(20% Perchloric
acid and 80% methanol)[95] = & f#i& > JI* Frf & T 2Pk 2
(Double-jet electro-polishing method):& 7 $¢5& o 4§ 3% 414 g fic ke 2k 2_ 7
P8 FREPETE R ~TRE TS €7 TAR - LIREAR- &
3 AE30C~40C2 BV EFRFFIE: « FHITTRL 30V Fek
ook s 25 mA~30mA 2. fF o

WP EET RS > SRR M EREFERART AR T
fRR PR E S FREETROFTEP D ENE 2R UL
F2 50

PP TEM g% w410 Gatan 691 3+ & & 4% (Precision ion
polishing system) > %%E’ MI A rEFEF e o 2 % TEM # % % % e
e FERETEM 32 ER -
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4-1 FREATR] e

- FHREFENH

41 #H=PF=RE

411 #FHRMHPECFE S L4

AR TR MO 5 Co 3 1t C-250 FrPE ok o ik
AMS 6520D[94]:Lf & & 2 Féﬁéefn%w,g |2 W E X5 R e
4 441

SR e A TR F 2 MRl L S B R (I 0.009
Wt% ) Bk L & 5 %308 B C250 R RF R Ko

)

4.84 0.37 0:09

4.1 AEz v C-250 FrpEochn 8 2 i (wt.%) %

Element Ni Co Mo Ti Al Cr Si Mn C S P Fe
Specifications AMS 6512D 17-19 7.0-8.54.6-5.2 0.3-0.5 0.05-0.15 <0.5 <0.1 <0.1 <0.03 <0.01 <0.01 Bal
Used in this work 18.00 8.14

0.06 0.06 0.01 0.009 <0.01 <0.01 Bal

4.1.2 5 HFLE AR BB

SR e RE R
SOIﬂ’Eﬂ‘?“/{@F ’;!L’? S PP G AN ¥ (815°C/1h/AC) 18 >
Dz ;E;IB-FE‘;—EJ ¥R s

B85 H 42 b7 42 BCC A

Q‘y ;_L 1%‘
A% v ft48 ) 23k (Lath martensite structure) > 5 & ,EJ
Mer BB 5 33.8 HRC > 4rBl4-1%77

T i

15.0kV 11.7mm x3.00k SE(M)

C-250F B >4 47

Bl 4-1 A A IT S 2
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4FRE R 42 GBS SR

4.2 A4 1 § # C-250 Fr B sxdp g 5
4.2.1 #B% P hE& R

18% Ni C-250 Jfr F¥ »z 4% 1 Co ~ Mo ; L& 3 O SR
%"-%L‘/f@«—wm%‘rﬁmr*ﬁ”*ﬂ*)ﬁ“ ’jl"'jfﬁ T T
T @ BT AT AP #l’rk,;@%ﬁ&“ & M‘n a1t R s
BALE o BB R P oA B Qﬁ%ﬁwhzﬁjﬁ, EiE 2R
FPRHELEFRY 2 AE s @ ko2 g b1 P Wi LY
FH BB R ARALE R FH RAE EE M e B
2o A TR A e 0 NEER EFTE o

FrPEsodh S BT o RS LR 4 T B TR R
vy A gk > SRR RIS G R R R A S
e M?z;e @ f 3
pE:: m‘7p B = ’1 4y
w5 ié'ﬂifé SR v uE W 5ORORE e B2

5% C-250 FrpFrcdn i ¥ o k5 815°C/1h/AC A3 #
/f@ys » B ¥R EEE S 175402 8.0 mm 2 2
Rl AP S FIDZARN S L R~ M)mmﬁ%§<%%ﬂ 8.0
mm( g i & 79%)%g R & 1.7 mm> BE {5 £ ¥ 1Y 480°C /6h/AC & &
g 2 S g B F R AR AR 4-2 YT o

*ﬂ‘u

\vﬂ\m 4

Micro-
_’
hardness
Forward flow |
forming 0%  Tensile test
[}
. Preform by Forward flow . Optical
C-250 Tube [  Solution [ R 5o ) »  Aging >
machining forming 58% MmiCroscopy
v
Solution : 815°C/1h/AC Forward flow || SEM Ly EDS
Aging : 480°C/6h/AC forming 79%
> XRD

Bl 4-2 C-250 Fr P chh (57 F 476 2 5 5 2 % 4 1 3 S ik A2
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4RI 42 BRI RIS Sl

4.2.2 %254 1 L HP LT E A H AR
L %2541 R HPHEAREHERERORF

T % TR 2o C-250F BF 2 4 (FO) 5 42 ~ 4K 47 5 1% e
0ohg4B (Rl4-3a) 0 S i R E BT E 5 33.8 HRC - & d
58%( F58)BE B &7 & 2 % A 4v 1 0 i ofu & e R fr o 404 Ba
Fo 2 ovE R LR Rk DR M S HE(B14-3b) 0 @ kA R TS
28 2372 HRC >+ F 3 # AT 2 A% A1 it K29
10% o Jir P o dp >t B3 13 0 R i T 0 5l B0 TR et 1 A T 9k

*[2]’5%“’? zai*fé_éﬁ?ﬁ*‘clol’ﬁfﬁwe B
fereyE 2 Mg d A 779% (F79)# S F 2 %4 1
ki 3R R AR Rk S (Bl4-3c) A R T35 E d 33.8 HRC
2 % 2389HRC > T3aa Rk 2 7 15%(%4-2) - B4-4% 7 5
SRR R RS R AT KT A 6o BT R
PRI HFMH @Y ‘rﬁét&}%—ﬁﬁ/ﬁk s SR N AT = I R

C-250Jf P* > b AL SR 3 )4 1 2 jS e B 4 B2 & B P
Pho b L ER T 0 el FIBUR > A2 SRR
Ta PGSR d 3B FAOASEMEE(B4-S5) VR ERR

FIAB P R il R RS SR HR 3 e &
RIEERRPLERY SRR OREREHE Y A3 R

AR R F IR L R o

%}43 CZSOIﬂEé?‘Q:@n““%FE 4c1'€m§$ﬁ‘9?‘k”T§SEM (a)
F 5 B AL 5 (D) B S 58% 1 () B SR F T9%
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4RI 42 BRI RIS Sl

e U o S SUNEPNII — S SN

w
[ee]
T

=)
e e | e < =]
g ~e—g \e/g\g/e\e o

W
(o2}
T

| R
'\l/.\l/.\./l—l/ .\.R./\'/.\.

Microhardness (HRC)
w
S

Rt
30 - ——F79
—e—F58
28+ —m—FO
26 L 1 L 1 L 1 L 1
0.0 0.4 0.8 1.2 16

Distance from inner surface (mm)

Fl4-4 C-250Frmcth (073 b %24 1 £ (58 BEE & 2 /2% Al B A G

R T

i 4.

W4-5 C-250/F FF »cdhi %8754 1 3 ~ 15 2 K R B S HSEM : (a)de +

R B S (D)5 T79% ) 4 1 15 2 R R R B

2. A4 1 B HB BT AP

% 42 B 4-6 2 Bl 4-7 53 B EEPNRERL
WREE o W REAREDZ > 58%F T9% A 4r 1 iE 2t
A A A 1 BEE A W R 21%2 40% 0 H oW Fp A w T
16%% 28% - 7 AL & & % (0.03%) 1 PF s dh > B3 13 4Rk
Tooogd @A b T R e AL AlL 3 8 671
W BRI A - R ER AR PR RS Y
15% < 2R @ > AW BT AVEREALL Pl AR G
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45 42 BEFI B P

Bochde 1 R Uk 0 AL b 114 JE 1 4
S B o g T9% %A 41 B

40% > Blddess B 5 A hpde A g 2
PR R e

e
=
'
2
SN
e
Wy
A_u\

%042 C-250 FREEscgh S5 H )b 1 B e R

Flow forming YS (MPa) Elongation (%)
Sample code Hardness(HRC) UTS (MPa)
reduce percentage (%) (0.2% Offset) (Gage 50.8 mm)
AMS 6520D <34.0 1689 1758 2.5*
FO 0 33.8 882 1136 7.4
F58 58 37.2 1065 1173 6.2
F79 79 38.9 1235 1298 5.3

Note: * Nominal thickness 1.65 - 2.29 mm.

1500
48
1250 |
< <
o S
= 16
~ c
< 1000 | o
fd -~
= ©
(@]
o 14 5
=
¢ 750 2
—©— Sulotion815°C/1h/AC(Elongation) | 2
500 —a— Sulotion815°C/1h/AC(UTS)
—a— Sulotion815°C/1h/AC(YS)
1 " 1 i 1 " 1 " 1 0

0 20 40 60 80
Flow-formed reduce percentage (%)

B 4-6 C-250f P »cdh (57 %54 1 & 2 R R

1500
2s0f T T
—~ — =
< ~—
& 1000 ~_
=3 ()
g 750 \ (b)
(O]
S
n
500
() F79
250 (b)— F58
FO

(©)
o 1 2 3 4 5 6 7 s
Strain (%)

Bl4-7 C-250FPFoek 07 F 841 22 4 BRY &
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45 42 BEFI B P

4.2.3 Pk H A %

1.

F14-8

54 1 ‘E_E"ﬁﬁ?.?‘

L S Rl
PE A A e B A e 1 £ A

TR B RLIL 2 i P AR 4 E S PR IR o B R o
FBAFP PPN ERFT L EF Rt HR PP REFT - ¥ &
£ e Z B AR G Sk a4 I F NisMo[2,32] 2 3k 5k
(Fe,Ni),(Mo,Ti)[38]% A4 i 47 14 A AP 2 FiE&H F 2 £
bR [31,32,37] 0 MEF R T R s b o R w ihdg 0 b AR kAR
B od WL HHIRAEBETIEE HREEFNRL o B
FIRE L MY A 0 R RGN F
[27] c A A4 1 ~ 58%2%  T9%* I A5 4 1 & 2 Fir BF 2k o
& 480°C /6h/AC Prro# @ 2 e B £ B E > 353 * AMS
6520D 4§ i (>48 HRC)> 4 %] 5 52.3 HRC~53.8 HRC % 55.3
HRC » H 7 79%* A4 1 ch-T e & (B > v A3, 4 1 iF
2B 5.7% & & §_ TP A I PF o R R )R A
de 1 ATid AN 4 TR (Y sk 0 R X N2 4 1 A (kR B pE

St 2 A & ITF o 0 e B 40 [2,8,11] 0 ho @] 4-8 #r A

L

—
I

60
L AcA, A—BD~p A\ A-A_,_A—A—D— 4 A
%) % o—e— \O'O’O‘O/é\o~o/ —e—°—c—%—¢
o
L 50 —A—F79A
»w | —e—F58A
4] —v—F79
S ® —=—Fs58
5 I —=—FO0
<
o 40
5 V—v—V—y—V—V—y—V—y—y—y—V—V—y—V—y
b= [ 00— " e oo o o o0 o"°
35
.—Ifl\./.\./.7./._.\._./.\I—‘.\.
30 " 1 " 1 " 1 " 1
0.0 0.4 0.8 1.2 1.6

Distance from inner surface (mm)

3B A 4 1 B C-250/ P ok 0 P T B URIE 15 B BB G 2
b B B A T
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4N 42 GBS SR
2. PEamag v B AT H 41 £ 2 BT R

% 43 B 4-9 2 Bl 4-10 5 3 B354 1 £ 3 BFon At Al
o ER R RRZIPEEFT - KPR 0 A (FOA)
% 58%(F58A)¥ 79%(F79A)% e *2 254 1 2 £ 1 55 K3 B ~ fo
o R E MW FIHFAREE o B PP W R TI%EA D
BBE MW FRI U AEA A 1 EE G AR d o B AR B
PR D PR RIZ S 0 R MR Y SRR N o A G
By s M EF AFEELN 2 L P F[32,37,65] @ LB
B FIEE K 3 0 R S R T [2-3] 0 2 AMS 6520D A e
BT A 5 0 A4 3 2 FR R oA TR IR R
H 4 @2 (k5 B (1916 MPa) ~ 24 % B (1970 MPa)% it @
(4.2%) > & B F R E D 13% > 12%3 68% o B 77 5 PF 2 £
FdR s 0 B G OF enf W BE R hat B E o
& O58% M A A L (S PEAR A IR R o W R R R (2014
MPa) ~ #if 3% A (2058 MPa)z t # 3 (3 9%) » & B F R E
£ 19% ~ 17%% 56% o B 78> 74 1 /)é"‘ ‘W 58% > xd P
PR TR PE o A 1AL A P SC’H’”' _GF L TR 5 (3R R
R RZ PP R ot A4 1 anpEAE R o 2 K
2 5%3% 4.5% 0 e @A F T E 7% o
BRI HFR I RB D TI% N s I R P
" (k35 B (2158 MPa)% Fii 35 B (2182 MPa) 9: LR
g5
A

Mg 28% 2 24% AP $HenaE W% (2.9%)4 X igHE] 0
BB B 16% 0 d 3T B ﬂp/ﬁwmw del o STE A

BHE A T3 RS AR z@fﬂ‘f F] %A
4t7£§1"*;¢l@-bt’Eﬂf ety Nz 4 &0 T o @ e R E I KB

c M BRAEFTEE A AL R[67]5h ¥ ¢ T 4 SR
séep:% P BPRHRBRNT RS N 15%DAEF AR o B AEA e
TR R Apt > B P WO R R PR R A B S i
13%% 11% > ApfFennig ot @ 5 < tp ™ ' 31% > @ $fofat W X
E 2
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4{{&%'\'1“’?}?[%

% 43

42 GBS SR

3 A4 1 B C-250 i PE ok G pE ok BRI 2 R

Flow forming

YS (MPa)

Elongation (%)

Sample code Heat treating Hardness(HRC) UTS (MPa)
reduce percentage (%) (0.2% Offset) (Gage 50.8 mm)
AMS 6520D >48.0 1689 1758 2.5*
FOA 0 Aging 480°C /6h/AC 52.3 1916 1970 4.2
F58A 58 Aging 480°C /6h/AC 53.8 2014 2058 3.9
F79A 79 Aging 480°C /6h/AC 55.3 2158 2182 2.9
Note: * Nominal thickness 1.65 - 2.29 mm.
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o I /// o
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machining forming 58% microscopy

¥

Solution : 815°C/1h/AC Forward flow SEM > EDS

Aging : 480°C/6h/AC forming 79%
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Flow forming YS (MPa) Elongation (%)
Sample code Process UTS (MPa)
reduce percentage (%) (0.2% Offset) (Gage 50.8 mm)
AMS 6520D 1689 1758 2.5%
FOEA 0 EBW-> Aging 480°C /6h/AC 1846 1898 2.2
F58EA 58 EBW-— Aging 480°C/6h/AC 1925 1965 1.7
F79EA 79 EBW-—Aging 480°C/6h/AC 1977 1979 1.2

Note: * Nominal thickness 1.65 - 2.29 mm.
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