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The effects of the flow forming and heat treatment on the mechanical
properties of D6AC steel electron beam weldments

Student :  Shyh-Chi Wu Advisor : Prof. Chang-Pin Chou
Department of Mechanical Engineering

National Chiao Tung University

ABSTRACT

The objective of this research is to investigate the effect of flow-forming
process, heat treatment, and EB welding on the mechanical properties and
microstructure of D6AC--ultrahigh-strength steels. Therefore, a group of
optimum manufacturing parameters can be determined and will be applied to the

development of 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 D6AC steel. These included varying the input amount of cold forming, EBW
and trying different post-weld heat treatments.

The present study showed that the D6AC steel tube produced by the forward
flow forming technique had an increased mechanical strength but a decreased
ductility, as the amount of flow forming was increased. In the case of 78% flow
forming input, the mechanical strength of the steel was elevated by 0.4% but the
percentage elongation markedly deteriorated by 8.1% after the steel was
post-weld heat treatment at the temperature of 350°C. Subsequent to EB welding,
likewise the DO6AC steel showed an enhanced mechanical strength but a

deteriorated ductility. This suggested that the heavily flow formed D6AC steel
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can not be used for a direct EB welding.

For the D6AC steel that had received the flow forming amount of 78%, the
steel for the temperature range of after 250°C ~650°C post-weld heat treatments.
Among these, the 350°Cpost-weld heat treatment temperature had a great
mechanical properties. However, the percentage elongation decreased to start
with and then increased as the temperature was increased. The highest

percentage elongation 13.2% occurred at testing temperature of 650°C .

The study has demonstrated that DO6AC steel is a suitable material for
manufacturing seamless thin-wall tubing through the cold forward flow forming
technique. After a 350°C post-welding heating, the steel can deliver superior
mechanical properties. However, the D6AC 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 clongation. As a
result of the present research, the sticky problem associated with lack of
ductility-of the D6AC steel that used to trouble the aerospace and defense
industries has been solved. Post-weld heat treatment is necessary to reduce the

residual stress and improve the mechanical properties of the EB weldment.

Keywords : D6AC, ultrahigh-strength steels, Flow forming, Electron beam

welding, mechanical properties, Percentage elongation, heating treatment
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THRERERY HERE-BREZIREY L FAEECREREIL B
TSN B 0B gRFIE LG on ABRE RS PR ER S RN o d RS
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Moltan flow direction

e
Workpiece Travel
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235 TFREHLEK

TF Renid £ 44 58T 4ei# T B(Accelerating voltage, AV ) ~ &+ & 7 /it (Beam current,
BC) ~ & £ = /*(Beam focus, BF) ~ 4% #:% & (Travel speed, TS) ~ % 3% @ 7 (Filament current;
FC)% %t & i 4 (Beam deflection, BD) ~ 1 1% iE3¢(Gun-to-work distance, GTW) ~ E 7 &
(Vacuum) % [20] » & 3 & A1 & % & 973 = & L 52 2H(Beam spot)== - £.d AV -~ BC ~ BF
2 GTW #7i4-%_ o AV & BC i+ » Bl EB 78RR Z &2 TR € H 4 0 RAV HT EFR
B~ > @ BC ¥R B R RE ?’%’f s AV 2 BC e 5 B 7 5 > Hv rldh gz g
el o FAPM S R R4 TS P17 HIiFAR ST & Tk blend Ko 83 TR € f AR
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i~ RO)R A F(AV e BC L) B Ry » EAHFHAL T RS

AV (R#%F) x BC (Z3%) x 60

3 A & 0(J/mm)—

S (mm/min.) (2-1)
oh ok = o
5 RPEZEE A (2-2)

TS -
m \ “%J:S!S.‘Sg\ dommneted "
RN RN T

(b)

E 102 ’ Electron | Vapourisation
> - ’ beam conduction
= 10" ’ /7 and melting
2 ’ 4 (keyholing)
"'1010———— — -+ — —
- co,! | ()
100 L laser| lGDEB Radciial ’

| conduction
$ Pissma | I dominated
g 0°F with melting
= L

Arc processes

(d)
Negligible
melting

(1W/mm?)
3 3
7
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?53
5
4 E
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Bl 2-11 48422 2 2 # 5 2 B A & B[35]
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RBTTRETRR R
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wOR LR ERAE
(Normalized penetration)
1

%
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YR | ] /L |
‘ “ ] PARTIAL-VAG | QUIK-VAC “ l '
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H % A& (Vacuum level)Torr

Bl 2-13- 2.7 B & ¥ fa PR 4F AR 2 B[]

237 TF KR BAFEE HRU

THREBRE- SRTHERE TIGEH s BAER 2 > 25 T 7lehif 284
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L BEEFE 20 ANERT

$1% TR 0F 7 RESKV~200KV) e if B85 (03~0.7 & %d)» 4 4 55 2
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Ag A AuBeCdCo - QuFe Mghbh MoNo N PbPtReSaTaTi V W Zr
Ag - 8 Ag—[ [CISIXICIDICICIDIXICIBINICICISIDICXICIDID
Al - 8 Al —[C C CLX|C CDINICT
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Be - # Be — C N N D|D
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Co - # Co — [DIXICIXIDI [CICICDAC SICIS[S
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Cu - M Cu—|[C|[C[S ClC {cP<SIDICISICISIDICIDIXIDID
Fe — # Fe — [DIXICIXIDICICIC! |DICICIXICICIS S
Mg - % Mg — S D D NDANIDI[NIDID
Mn - & Mn —[C DICICISIC ) CIX[N [5)
Mo — #8 Mo — [DIXICIXINDASIDICID|D DICEXIDISISISIS
Nb — % Nb — [NIXINIXIN] CEXINDGS N S{SISIS]S
Ni - s N —[CIX[SIXIDISIC[SIC clSID
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31 RH=H

REE G R TR Y MR 5 DOAC AT R ML 0 Bk AMS 643IM g F 0
AFBMUEL L ZRIERD A T EEEEEF N T B4 2 A
B G RELAROR R S S Bt B e X SR WS R (X-ray diffraction, XRD) > i
" ¥ B 38 T 3 B #cst(Scanning electron microscopy, SEM)*it /b 2 it £ ¢ 47 X kiR
(Energy dispersive x-ray spectrometry, EDS )& jRlat ik i (7 = (> & 470 £ 15 15 L § B s
BH LI e BB .
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AFEF GBI G2 FHBEEFIHE 47 B 2 URF %A iR 3-1

Micro-
hardness

Forward flow
forming 0% I > Tensile test

ench+ Preform b F d fl Optical
D6AC Tube [ Qu . | Annealing ¢ oxjm. Y > orw?r ow B EBW - . ptica
timpering machining forming 67% microscopy
-

.

> SEM B EDS
il
Normalized : 900°C/105min/AC
Quench : 926°C—oil quench 60°C

Annealing : 660°C

Forward flow
forming 78%

Tempering : 250 ~650°C/ah/]
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3.3 ¥MAEH 2 FEHRAL
331 %7541

ARG OTERY 2 4 14 0 LR El2 ST65 RN Z EEEA o B L s T i
650mm » £ & &+ ¥ i 6000mm - - Flg i AT £ 0.05mm T 0 B RS #
R EREED AL G RPRE G Ltk s dF L AR e S8 H
FLE BRI B 3-2 07 AR EAS4 TE 4 1 48 (a)% A A B RE L 2 (b)F B
As4v 1 2 AR o

?] 3-2 )'IE' - %ﬂ/;—» iT4c 1 ﬁﬁ

332 A% % AL

D6AC 4% %2 1% 2 iz AMS 6431M %%Zé% (6o 1 WA= FIrit(F 3-1) ¥ -
ARt d WA g LR LTmm; % - AR5 {2 LR 5.2mm 2 A%
TR EAL L 1T A 1 /E:E}%-.%{ﬁ;ﬁ‘i 1.7mm > E?-)E-f{ﬁ;ﬁ“’ 5 67%; % = fakn it d g g
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BB R 8 mm 2 A0 0 BRI RA) A (A1 R B MR D 1. 7Tmm > BRE SER F aE

78% » ¥ A54e 1 Sk i ¢ A phigid 80 rpm ~ BB F 0.6 mm/rev °

% 3-1 "pit4e a1 GiAR £

Item Before flow forming process Reduce % | Thickness after working
1 Machining — 1.7 mm 0% 1.7 mm
2 | Quench—tempering | Machining — 5.2 mm 67% 1.7 mm
3 Machining — 8.0 mm 78% 1.7 mm

34 THFABERAET R

McHenry % A 4]/ 5 v =S £ 2 LA P2 S &5 a8 EE ey 2 44r
fespte A2 A% > 2 d DOACH & § B A Vil herRiERY B ERTTTIDE
4 A F A2 JE R S4B e Bhee Bthd 3 DOACHH H 7 AL £ 8 045 wt.% 0 gt iR B AR 5
B LA B PR RIS R S AR A B SR 2 v L Bk o e

L Hppio

7 McHenry % A[6]8 5 74, 81 DOAC s b w L {52 FAR R ¥ ¢ fudt
EPRAEERALERT VIR G Fla FREERAE o fl* T ABERTEERY L
?\:q%l%]‘{ﬁj » o p* 7] DOAC 4k 2 #28 2 % X Ffeqy 4 (Temper Resistance) ° 7 B4*%
Sl B AR W N Roe

341 T3 REBHKA

AT AT * 2 F Bk % 5 F WFerranti Sciaky 2> @ %% - Power outputi + ¥ if &
150 KV o %258 #4000 3 42 5 d 48485 4 0 £381.3x107Pa (1x10* Torr) 2 %

BB THET > FERE A B33 B3-4577 o

38




@3-3 AE GRS SRR

N W— —

W 3-4 AFF5R %2 RS LA

342 TFREBEFHRALL
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343 T3 &Rtk

L ”‘ zqﬁ@:‘,f:‘fifﬁ‘ﬁi 70 M AR A RS > B R AL RREE ¥ 2 DOAC 7 %
R SRR Y U AT R S R A2 SAE4130 4 (GLF TR Al REH R EL) 28
S LA ARG BRT%

RELEET G MANBEEMEIBEZET R 222 E 12 AR
PEBRSSEFBRZE BFAGF IR B EFERE AR SEE D HL
T 20 mA ~ 4eig TR G120 KV s 5 f ESR S80 mm ~ 4% 4%i# & 2100 mm/min ~ 1 ¥ §E
4445 mm -~ £ 5B 133107 Pa > (5400 g 5 S licia B R IEF kiR iz k3 o

35 #MEILTRA LR RAL
351 FASER %

AEFAER* 2 F TP %K A% 5 BBC 2 Pit type & iE % & Lindberg (Bluen)2
7 # g (Furnace heat treating electric ; max. 1500°C) o A#7 3 & * 2. £ aJ8 K & ¢F B4 B

3.5 9 o

Bl 3-5 AT 3 @ * 2 MEIT R F o ELE

352 #JLR %A

TFRBREYBFEIAPER I AL BHLINE J ERBEZARAT
o A AT R DOAC &R e 1 2 T AR YARIS A 421696511 250
350°C ~450°C % 550°C/2 | /7% 4 2o % X Fued® @ f2 4o B 3-6 > # 07 fR 448 & A e

A IV FEHEPRERAEEE  FREFEE FRAILE R F T LB R AILE
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72 S gl o

—=— 250
] —e— 350°C
" —a— 450
450 7 —»— 550°C

5460 - _

400

2560 *

- air coaling
- 200 S

4 260
(T 200 ]

150 ~

100 o

a0 4

&R (hr)
Bl 3-6 TF h4:137 FRAILE R LR
3.6 HAREAEZEIRP

3.6.1 AR

ARG ETiE o Horl B3R & 5 Matsuzawa 2. MXT70 4o 3-7 #777 » ®iRlE 2 5 300
nEERT S WA N TR ERL S HE R R SR AH R 8 (HRC)-

B 3-7 AA7 3 6 2 A RK & HRE
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Fr2MARER 2 Za@EP 20 23005 £ TR IS F 0 5d K F A
P ERASHEZ LR > HE LA HREBEMHRC)  F R iEE 2 S
Bk s EE 2 ﬁ';;;}j%\%gl}—lijwlé’}l' ,Uéfl] Bk i ot H i B2 B RIES o

O BB PI2 P s AR GON ORI 1w 15 BB 852 2 FERERLH
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37 P HUEXEFEFHRAL
3.7.1 K

AEF AT * 22 WK B 202 Sintech 30/D £ 0 FEET LN R L W@
x5 iR (0.2% Offset) 7 0.2 mm/min ; "5 R {4 2 mm/min ; &3 50.8 mm » = 3¢ % %
PR ICEE S R AR Bl IR o IR TR W R ST i
¥ G ETR T 2 P 258 Ac R 3-8 fTor o
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"’/;ff]}%: fit‘fd ?!;é: 114 f/éﬁ‘/‘ly;'%ré' > "é'@f'?ﬁ'lf’? ’ —kf'g] 3-9(a)?:'l-i--l-']-\ ° ?‘;*«g J;lﬁéq’. ASTM E37O
MR S RRAEP RS WAL BPEE CAHAEHY k7 Ao
160x20 mm » £ &7 &3 N TR A 5 E P 4o B 3-9(b) ~ B 3-9(c) T 0 RS HcE

dod 3-2 9% o o
j &g ()
24538 (b)

oy

W 3-9 4% ASTM E370 St #l 2 3 38 % < f [
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% 3-2 DOAC 57 I ) & & f a2 if 2 1 Sed ¥ g
Working procedures and specimen numbers (t=1.7 mm)
Item forming(0%) | forming(67%) forming(78%) Sum | Specification Method
FO | FOE | F67 | F67E F78 F78E

RT 6 6 6 6 6 6 36 | ASTM E370 |Water &wire cutting
T250 6 6 6 6 6 6 36 | ASTM E370 |Water &wire cutting
T350 6 6 6 6 6 6 36 | ASTM E370 [Water &wire cutting
T450 6 6 6 6 6 6 36 | ASTM E370 |Water &wire cutting
T550 6 6 6 6 6 6 36 | ASTM E370 |Water &wire cutting
T650 6 6 6 6 6 6 36 | ASTM E370 |Water &wire cutting
Sum 36 36 36 36 36 36 216 | ASTM E370 |Water &wire cutting

LEZEY (3mmx20mm 2 6 & » £+ 216 F

2.9 B W

()F A4

(2) FO : %%@Hm

(3) F67 L 67%% 541 B

(4) F78 D I8%FEA A A &

(5) FOE D ReEAste a4+ E 3 R4 (120V)

(6) F67E D 67% %54 1 BT S R 4242(120V)

(7) F78E D 78% % 54 1 BT T R 4(120V)

(8)RT AW AR EE(FR)

(9)T250 DR RE(250T)

(10YT350 D 1 2% 2(350°0)

(11T450 D 212 (450°)

(12)T550 D3 3 (550°0)

(13)T650 DR ZEE(6500C)

38 &IBEBRAE L P

AR AT R B ¢ g %5 B4 (Optical microscopy, OM) > £ ipELZ P ch> 1 & (%
WORCEA W 1 B RURIEE X2 RS RSB R L AR DOAC e s anfl 5o H g
HEE GBS LA P ILIEE2 % AF BT 9 3mmx20 mm /| 3 7 0 4o B 3-10(a)

AR oo SRR > BT PR AN T gD 2500 AT 0 L1 F V4R RE
o7 THE D 0.05 pm B i £ 2 T3%Nital 37 | & F R4 ZSENRER - B
BB GEEE 2 F RS 2 b E B LR Y AR T LR 4oR] 3-10(b)
T o
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o

(a)f,E B (b)z& # SR AR 1S Bk s\

Rl 3-10 £4p %5 % 1 L R
39 X kSH(XRD)A 13 & 1R % P i
3.9.1 X % 45(XRD)A 453k &

AFT L AT * K # 5 Bede ' DI % f24r A X % &8t % (High resolution X-ray
diffractmeter, XRD) - BLZ P 250 & A RATIE 2 528 0 B~ 3mmXx12mm + /| > #gx
T2 X RS G RS T 1000 5L 0 £ P fiRdR T Gk BEE RS 0 A
78 * 2 X kSRR H R K A Bl Ao @] 3-11 Ao o

B 3-11 &4 6 2 X o SR Ok L

3.9.2 X % 3%8(XRD)® % B ¢

AL RN X MBS TR T BRI~ 2 BSR4
LR SR BT RS PR B R R A REE Bk

T ¥ %;ﬁ% ﬁﬁ%”»}u]ﬁq;&?{ﬁ%;%@ » X ’l':%‘%‘ﬁj'},‘%'ﬂl_?:r i]}%] o] 3-12 A e
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5.
6. ¥ P

310 & 75§28
3101 4 5 5§l S A A2

B S de 3T MRS T B AR R T AP R T RB S 2 R
B vd N RBTEHZTF LML) 0 REF 0 5 B R T ST B
A2 BRRFAE AEHAEATREE 1.0mm(15KV)~22mKV)» ¥ 7 AMTR(F K3
05KV) T4 7 2 F B Rt 2 B ilo A7 ¢ * 2% # 5 p + JEOL JSM-6700F
% Hedi(Cold Cathode)H3 &4#F s 3% % + B ilcde o 4 A3 547 F B i © £33 5
(Thermal)# % A (Schottky)® +#m 7 > B BRET F A G E4gvApy |2 RF 2
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iT%ﬁ’ﬁﬁ&&°*pfﬁ%i%%%ﬁﬁﬁﬁéﬁﬁﬁﬁﬁﬁﬁﬁiﬁﬁw4$
F & BI(B 3-14) 4™ #7157 o

lv

i
wolemE

Py

BIROLER —

Eile=l gy

VL IGRES

Rl
FERRAER

L L B E
g T

CHE RS ——T . H

ﬂ
b
T
i
=
i

iyl

R lJ T WAERE

W 3-14 AF 5 & % B8 i 5 T 5 Bke R
3102 %6 MREA PR h

AT GE T B R ST T BB i B9 4 X k¥ k0 L% DO6AC
F AR BRY VAR U TR 2R PR ES LG
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s Ao HEFEDOAC MR T At AT P E Ak S RE- £ 425
% A F ke o

311 FH AT+ BERE(TEM) R RS £ 17

AFPEIR L IETE D B EAT FRAILE X Z T3 L4 ¥ DOAC Bk
DR E o F AT R K 5 Pk JEOL, JEM-2100F 3% 5 5 5 5% T F B sk (Field

emission transmission electron microscope, FETEM) o

MR s B 35 NECP G 5 mmx 10 mmx0.2 mm k[ S 0 SR A R
.5 600—1200 552 &3 0.1 mm 2 F 2§ %53# ¥ (Thin foil)» % Punch # 53 /= 3 mm
2 [f1353% 5 > R 1% 2000 5t i & 7y A B2 0.05 mm~0.06 mm o H#-F7 i f] 353
5 12 5% Perchloric acid+25% Glycerin +70% Ethanol & T f#i% » {1 % e & 7 240
i (Double-jet electro-polishing method):& {7 $ek - SE ¥ + 1 A flcie s 2 3 b 2 38 {7 T fR¥e
Mg R s REE R §F AR o RBER - B EEAEI0CSUOT LR EF R
4 ciogd o H TR S 30V FE RIS 25 MA~30mA 2 T o 38 Y 5B R EYeE 1
& AR R K R T R B T AR R AR T R R &

B E T Y LS R A e

R3S TEM % 2L 12 Gatan 691 2+ B fg’,“’f}\i(})recision ion polishing system) %‘%‘ d
B3R SRR RG 0 2 F TEM 2% 45 e R 8 TEMGE # 5 A -
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g
=
i
ol
AP
ik
3
1%
-l
it
-54\7

41 ik E- B XA

AT AR 210 5 DOACAZ B 5 R fep » ik AMS 6431IM =& ¥ » 5=
SRS E R Z RIS S B AIXRFREFTF A NTHRE B R AcR
4-1%777 » BI1BEEAZ 2 EABPIEIREE 047~048% ~ 47 & 0.76~0.84% -~ 4p
7 £ 1.0~1.02% ~ 45 7 £ 0.98~0.99% ~ -2 £ 0.1% ~ 44 7 £ 0.55% 244 % > ¥ FlE 3

S B okl RE BT § R iR

qu

GHREAEL AR T DOACHE £ £ £t § B P A AMS 6431M i 242

-@ j\ ’ ’QF’%\' 4-1 E’L’FT‘F ©

Spectrum 4

o]
Si P (1) [u}

e o e e e e e ... .
1 1 2 3 4 3 g 7 g | 10 11 12 13 14

Full Scale 713 cts Cursor: 0,000 ke ke

Bl 4-1 250 £ ¢ Fg X L2¥ RiE 7 DOAC 4% = (> & 47

304-1 A ook 2 DOAC A ® 5 B4k 1 8 2 6 & (w.t. %)

Element C Mn P S Si Cr Ni Mo \'% Cu O N Fe

Specification | 042 | 0.6- | Max | Max | 0.15 | 09- | 04- | 09- | 0.08 | Max | Max Max | o

AMS6431 -0.48 0.9 0.01 | 0.01 0.3 12 0.7 1.1 -0.15 | 0.35 | 0.002 | 0.005
Used in this | 0.47- | 0.76- 0.98- 1.0- 0.0008 | 0.0023
work 048 o84 | 001 | 0001 | 027 | 0| 055 102 0.1 | 005 | 5ot | 00005 | Bal
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42 D6AC *7593 2 {447 £ il
421 #ARER

AT T DOAC 4k B2 %250 F 0 A B RS R R D K AR T T B @
5 44.0£1.6HRC p # 4 G 5B 41t b4 G A B T30 5 45241.5HRC» p £
%A R TIOE 5 46,6412 HRC» £ T390 5 459 HRC  Apdd @/l & @k 5 B o

HF) B REAEATA e 1 H TR o

% 4-2 DO6AC* )23 2 % NA R T RIS

) T B
1 2 3 4 5 6 7
f W 433 46.6 44.8 45.9 44.4 42.5 44.7
S 43.6 44 46.9 43.7 433 462 45.1
s ds O 455 43 44.8 46.6 46.9 46.6 44.4
5o L 46.9 i, 46.9 48.8 46.6 45.9 45.1
- | Ky 433 45.1 447 43.1 46.2 46.6 457
T g 452 HRC » =& X % 1.5
A0 E P2
1 2 3 4 5 6 7
54 46.9 46.4 48.4 48.8 46.9 45.1 473
5o 452 45.8 46.2 455 485 46.9 45.5
e 46.2 46.9 455 45.9 47.8 49.1 47.8
S 4 45.4 48.4 47.1 454 46.6 453 46.6
5715 453 48 477 46.8 455 44.7 45.6
T in 46,6 HRC » & % % 1.2
A
PN 45.9 HRC
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422 SIPBKERBRE

Bl 4-2(a) ~ B 4-2(b) 14 11 k 5 g peds A w2 DOAC 4 %6259 F 2 b~ S g B
TERS S HREL ¥ B2 EARRAC RS BT AT e B AR e e 4T

iﬁ:;f%&z P VAT R AL Sl %

1 4-2 & % - EJE DOAC 4 22 13 & 4p 7 e o

423 D6AC 3393 2 X k3844 47

i X RS AT THETAA G A KM R E 2 e AT E Y M
&Ry 44580 64.98°5 A G HE BE LG S e A B L (011) o (002) 0 A
Bl RE e 23 & e didn (S Bch ao= 0.286 nm) A T 3 & chd Rk R 4T
e (St ¥ s a0=0288nm) > ¥ 23 44.15°7 H P AR MEstE > HBE G 2w
B (1) » g fodra g 22 Kaw §A20 e (L1 ¥ #&: 2=03690m) -
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Yo 4-3 #rom o FREERZ 0 DOAC 4% WA F 2 Ap A B KA Y 393 4t
RER & 35 IR 1o TR TR A e TR T

Axial
Radial

{C1) i

Intanaity ()
{Log) o

W=
[L]
w
(L]
w
]
w

£ thata

Bl 4-3 DOAC 4k #2259 F e 82 /T 5 2. X K ME5 4 47
424 "DBAC %A% 3 2. R

FRENM L s kR vl AEY 2% 2 DOAC 4 WA e SERALE B AR 0 A
Feeg iz b7 e a2 IR0 (AMS 6431IM) - Higjce s 4 5o
3> 5 900CE & i+ #1s? > A& EiE 44.041.6 HRC (2R4# & 42~53 HRC) -

AT LR RO I Y (T2 DOAC 4 FEA e ia g & d e 1 % P4
A8 DOAC sl @2 eg P Re A A-TsoE R - 4 45241.5HRC > P 4 6 A & T

H

s H 5 46.641.2 HRC » 48 T35 % 45.9 HRC -

X KSR 51 e 2 900°C B ¥ 1t A IR 4 1 2. DOAC 4 A E 2 Bl
Boo BT dBde KR 555 40 0 B AR SO e A § 0T e

BEF SR PR 201 T+ R8RS ML 3 Wiy d] 847 1 0§ DOAC

G WA M e L FEE R E T

52



43 F RETERBRET AR B F
431 Ahp chEinE

DOACA B R4 > SX F %M~ 2 3 T RE T § £ ad2is > B3 24
A S R R ERLEHRAR S BT A R
R 2 % A54e 1 Fogi o 2 T &8 R \4\11_:}#@.\;{:\3'%“3@&\%@@% * > %

RATER 41 » 7 EEFHAEFTeE & o

DOAC A2 % 5 K& S F 7o B 55 5 )4 (Tem o I H G = A E AR @ &l i e
it iEm fimd vl B3R o - Hm T °fs TA54r L A BB E 5 B R EM 3 B
i s BREF - FHFELTE 4 28y Mo 59 F5 2 DOAC 4 )23 2
B e n 3 DOAC A {EA) %4 3% L Ak 3e )b 1R BRI 2 Rl

H2 g AEE S B ERR R Rl g & W AR P

AR g % DOAC 4 W &A% 3 7 58 ¥ * # kg2 (900C 48 105 #4875 4 )
B R e 1 (W EATIEZ B E ST )R T X 0 R BRI 44

AR i = I

1. s 9= EE 1.7mmQE s 1ﬁ-‘-¢ 0%) °
2. B H SEEE 52mm 2 A EAEA e 1 R EEE B T 1. 7mm( /}é\‘ﬂﬁf‘y 67% ) °
3. 8 3 B 8mm o o RAEF A T 1L 7mm (R gS 78%) o

Forward flow | N Micro-
forming 0% hardness
)
Quench+ . Preform by Forward flow Optical
D6AC Tube > ) > Annealing [P o B . > .
timpering machining forming 67% microscopy
v
Normalized : 900°C /105min/AC Forward flow
. . o | ™ TEM
Quench : 926°C—oil quench 60°C forming 78%
Annealing : 660°C
> XRD

Bl 4-4 DOAC 4 B %252 57 3254 1 B 2 9 428
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432 #HuHpmppds

B P OREFEFOEAL 0 L MRARA RTF 0 7 RAFRIEEF 2 DOAC F &
AL B3R ¥ L BATE R 42 SAE4130 4 o 0 H B RA; SciE 2 L A#H R
4o 2 A e S BE S R

1. RSPk (Fad/Rihfl &L E/0EE)

X #30°/R4/10° ~ Y $620°/R2/10° ~ Z #h 30°/R4/10° -

2. @t SKHII B i# 4% o

3. AE L - 420mm -

4. i phigg 60 rpm o

5. & F 0.7 mm/iev.o

L

RS R AoR 45 907 0§ ) S0% R HEE 0 B AT A B M B D) 2
T%RSFE e > T A 2 FrE 2 hEEREE AL - F RS E R 4-6 S AL 6 2 SEM R
2o H M2 R PR n R BETG B E R R s o b
Foekded R AR e RGER B G0 & DR e e

&

(a) * Lt A 6 (b)*H EERL R 5 ()p BpLA 5

B 4-5 Zap A pkw
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i - 2 Wi o
E R MSRAR

HAAE RBIERIE EAMREANE | HPHERENED

Bl 4-6 *xisaL & 2 SEM R

Bl4-7 2 7 I %% 2582.0M 2458 » LR 1% 2 P RE2Z Shhd o H 4 6 3
EFRE e B BT B SRR B i
% o

pidl EJ“?’T’*’&&.}.QW &
ke

‘lﬂ

Bl 4-8 P 5 3 I @522 A) 82 TEM 245 Bl BRER H % 5393 2 Wi 2 id fs o

bl

Al A R mEF R RN BB B R RS LA R

d PEERSE FAe §FRAERNAIFE R RFR I AT w2 ga)

vosm T

rErFrZHPEARERRE  ERFAE TR BB B
R F] s FP ARG

1L

LR

i FA VR N R g R A R AR A A1 iR

7

fa &1 AR AL,

Bl 4-7 7 g2, E 2 OM & 17 R
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B 4-8 7 e %378 2 TEM » 47 B

433 kA REPR

T F M BAIT 2 DOAC T2 ez 0 R kAR BSS (0%~ 67%  78%) &
MAe 1o HFRER G Te AR TI9E A W 5 45.4HRC~ 489 HRC 2 492HRC > & £ 7
SLA BB AR 4997 o d HAR R0k LA G ¥ avhed BFH 32 14T
MALEERE A S st B E R i L EEEY R eHAL B e P2 B
ARG T F TR FRFRS O MR R FRR et § RAELP) S
AR e B b o A RAPETIE B AP ESER S 0% e R B (45.440.7HRC) >
BB S5 5 67% ~ 78%% %2 W R B A B § 7.7% ~ 8.3% (49.2+0.8HRC) - &7 4

SRSy S T
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51

50

A

49
i ? S | = g "?. z ; | =
~ 48 —o— 0%

H —B— 67%
R 47 —A—78%

46

T SN T S

44

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
2 RR

B 4-9 7 %258 2. DOAC 4 g B & S o B A T
434 £ipkkEl BE

B 4-10 3 B 4-12 #5571 » 5 DOAC 4511 57 B2, & (A 23 0% ~ 67% ~ 78%)2. &
10 A gl o d Bl 4-10 2 B 4-11 Bior vk 9072 1B S 6790 R S B % o

AR TR RS E S e it L TR0 2 B RSES P 0 oWl 4-12 hEAPRIT P A

-

FEIFIR Bews e 1 18k S0 g 4oew Bk S R S T % DT AT S R
B R mE R

SR DOACAZR 5 Rk S 7 B2 88T MEF R IAR S KRB B
I B E S R R R L BRI R e

B 4-10 €35 DO6AC 4 2 & Ap i ‘o 5%
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s |
MO

B 4-10 # *£2; DOAC 4 2. & 48 &f fic e 5 ()

B 4-11  67%*% 2, £ DOAC 4 2. £ 4p A fir ' 5
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B 4-12 78%% 2 & D6AC 4% 2 £ 4p QFW‘I(?_@%«

435 % k35§ DOAC 458 2 X & 3sdA 45

Bt A1 Xk ST A R R SE S 2 DOACS ) 4 o M iR T ) o 5 R
BOR RS p 0% 1 67%R 7 o Bl4-13R 5 04415040 & 2 (111) & 5 2 et
F LR < R (s S

iAo A RATL A e 1 G
WA AR MR A AP R 0 h S Y AT e R 2
2 DOAC 24k ¢ » B g e u‘ Grrone 48R SRR UR 0 393 $TF AR FER AT "%‘«i fe

o

VBB 1?3 67% ~ 78%
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— U%
67%
78%

(011) ¢

Intensity (a.u)

4.3.6

j‘\ 24 : ) 4 ’3-23@

£ AP X R 5 il - 418.9HRC
4p o
IR Y.

E 8 8.3%:

¥ e

b

§ 1 i

\ B R F D6A i ROBL S 2 %
e 1 B 14 NE T A G R AT B G T S

20 4o SRR SRR e —— |

A od

gtz o S EF BB Y SIS S 1R R B R T8%ARA A
Bz Bork A Tl I DOAC AL B 5 B A R E R o
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44 7 B3R E T 5 REEHH DOAC 4 cnfe 3

441 FEkPp e

THABRIFAESAZERAE BELES LRI EEFLARER 2
SR EAE TR AT R ER  BRER BN T I L 1 TR
FRAREBNEH FEI N AEHEERSAREFRRET HLUFRE TR Y
Micegz €& FF o

PP oRMFEIR R B pod > 7 RELIREEE 2 DOAC T %t AL
3GV R RALS AR 2 SAE4130 4 (L X KA RRE ) nH St

ESdci KA B> 22 b 285 RS R4 o

FELEET RN R ERE B ER S L @RI B I E 8 s
EREBRENBEERBE  BE R 7 IR E c RN EEER T RS
T o 20 mA > deig g EE 580 mm ~ 4% Hi#
% & 1.33x107 Pa -

DB R

#7 & 1120 KV~ E 2100 mm/min ~ 1 {T§E

3t 444.5mm > E

ARSI T S % 0 B 6% T8%EE B AR 2 DOAC ) g iR L4 {4 AT
1 W AR 4-14 90 o Fid R 1 2T 3 RS R T ER 0 ea B R
HBREALR BT .

Micro-
Forward flow r hardness
forming 67% -
uench+ Preform b g077% Optical
D6AC Tube [ "M Lol Anneating o T (;r_m_ Y EBW » ~puca
timpering machining Forward flow microscopy
Normalized : 900°C/105min/AC forming 78% SEM
Quench : 926°C—oil quench 60°C
Annealing : 660°C
B 4-14 7 22, & D6AC kﬂ/ﬁ 2 T3 R AERY R ALE

61



442 A RER

T R S MR B A R RS E ho Bl 4-9 B 4-15 2 B 4-16 17 o
$4m DOAC 4 W2 %8273 » 17 R EERFHEF (67% ~78%) 4 ri4e1 » HF g
AT A R T35 A W] 5 43.8+0.6HRC(67%) 17 2 48.9+0.6 HRC > & & P2 A Hichf 4o
B 4-9 ~ B 4-15 2 B 4-16 “757 o A4 3 kAL RSS (67%78%) R H A&
Sl S A LA A (R e S b o SRR S Y SR TR R RS el
b FETER > R AL o e 2 BRI RS EF T SR SRS 0 8%
P 67%2 M R 5 % 3D H N% HRE P N FRA R kit > 3 R R LIPS AR
e ZARFEF S 67%L T+ RERLCEFARNERE T B F i >
4 43.840.6HRC#& < T 65.24+0.8HRC # /55% A d 43.8+£0.6HRC # < & 53.8+0.6HRC>
78%2 T4 AL FAH ARG R J 48.9+0.6HRC & 3 77.2+0.8HRC * ## £ %
Pld 48.9£0.6 4 < 3 63.5£0.6HRC > & 12+ FH7 174 DOAC § +1.57% 328 4 1

2T ARG ERGE I A AR BEHGREE AP TR AR R D A Ry

90
85 ] 4
80 —o— 4 W

A & BIHRC)

359 ay HAZ FZ HAZ 24
30 T T T T T T T T T T T T T
0 10 20 30 40 50 60 70
o U

B 4-15 67%* 2% DOAC 4k T + f k45w 15 2 Al & v i F
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90

85—- —m— 4% B 1S
E Bt = T]

80

75

70

65

(HRC)

60

-
1B

55

H R

50
45 -
40 -

35—_ 4 44 HAZ FZ HAZ = +#
30 E T v T X T z T z T

Bl 4-16 78%*&25 8 DOAC 4k T + & &% w (&2 A K& 4 i [l

443 ERMKkEPEE

Yol 4-17 2§ 4-20 07 & 67%% T8% %541 BT 2 EARBIAC WS 5 M g ] 4-2
LHAST Fav T ABEEF I ca E i BEEG g HEGET 0 S
AL Bl e R R EREE T o gl 4-19(2) % Bl 4-20()F Ao B EE R
B AR S R WAL o BT o g g B iraA 4 e ol e G
A2 B RE B - SR RIE L N AR R S R A L £ oot
#2 ] 4-18(b)(c)¥2 B 4-20(b)(c)™ F4v> 3222 2 ¢ 2 ML N R REFRF PBE N
§REMPAESRERT S > F DB » Lo ERBXETF L 5
Bk otk 78% A E I B R E S A i 6% R BT L o 1 KB 4-18(d) & B
4207 Far o 3 AR F LS B 43 R SRR A 0 308§
Bl P e BB R -

Bl 4-17 67%* A& 2 DOAC 4 7 + L4515 2. £ 4P B
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()% i % (b)EF %

=hg

VI ol wl [ ad R

E L k- g il
B 4-18  67%%7, 8 2. DOAC 4% + w4252 2 F(E)

100um
T M4-19 78% %R 2 DACHT T RBBL sanE.

@)% % OYEPEF

B 4-20 78%%7; 8 2 D6AC 4 7+ 44515 2 £ 49 BI()
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(c) miz4 (d)* 1 &

Bl 4-20 78%* A58 2 DOAC & 7+ 45152 £ A BI(H)
444 DOACH T F hiER B2 R HREH

L&A T & BAEGRET Hieo 24 G O B h 4 52 e T 5
A0 BRA B RR Y TR N2 R AT B S RS A A e o SRR
HA e B 2 A4p s o L BRI R34 1N Y A R e
2 i -

20 RFABEEF R e B BEF G E IR BEAR S G
RNy ETEFRF

3. &A1 5T S RS ) OM 2 SEM L #1858

bl
(w
PO
B
=i \:'33
Bl
By
N
=

B o A MEF A el B o B A Bk wmit (B o SR EF
2o & oo

4. J;ﬁﬁ?\:d X TS 4 A g_i—kf,i_;ﬁg e go EXRT RS A

45 7 ¥ LR R DBAC 4hidh 15 2 8RR T 2 Bk B L 5
451 P DEIER

DOAC &k 5% 254 1 S m sy > HpF R R & F BI(TTT curve)(®] 1-1) > &
H Ms B R X5 300°C » e Ms 8 B » 22l i '8 8 a0 LA @4t d L 2o 4B
oo (8- iRt & :t:z-g 0N ARPE NF IR 0 1 B IR T O S
BB B kog L% 25 A8 d 432 44

%

T LY R Ry

S %R T > DOACHH S B B2 T3 A8 R > Wl FLAIgaT S
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PR SA N A KWL AR v L RAIR kg o TN AFFEAT {11 DOAC d
75 67%% T8% A1 EEF T H B A ig i 5 & w2 250°C ~350°C ~450C

S50°C ~ 650°CH AR 2 IS 24T R E  UAH AT P ‘/ﬂiﬂﬁww?;
Mgz B i BE G e VEIZIEE > @ DOAC Midk 12 £ 7 B iR
5}!& ) l’zl\?)\ﬁ%\j\j ﬁi&"‘l‘i}ﬁa— 2;&_:!‘;/ °'§5§/u ﬁi’l‘lf’@42l HTT °

Micro-

hardness

Forward flow

Optical
. 0, _’ .
Quench+ Preform by forming 67% microscopy
D6AC Tube » . . [ Annealing [# hin EBW M Tempering [
timpering machining
Forw‘ard flow M Tensile test
Normalized : 900°C/105min/AC forming 78%
Quench : 926°C—oil quench 60°C N SEM
Annealing : 660°C
Tempering : 250~ 650°C/ah/Furnace
B 4-21 4576572 B R W VA RID 2 F %A B
452 FeARE R
OT%% 2 f 5T+ R Rts » &2 12 @&*%E%Eﬂmﬂia%ﬂm¢%’

Yol 4-22 0 o KEE M w X E B 250 - 350°C - 450°C ~ 550CHE 2 s T L
 H G F R oA B 90632 % 3 44.5 HRC 3 #88% o B4 ' 3 9 36-40 HRC -

£

A
PR B R R LR RS R KRR b

T8% A, E LT F ABEE Y ABES 2 B VIR R 250C ~ 350 ~ 450C -
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90 —o— (b) Forming+ EBW+ heat treatment at 250 °C

85 (c) Forming + EBW+ heat treatment at 350 °C
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N.Y., pp.106, 1971.
[76] J. Lancaster, Handbook of Structural Welding, Abington Publishing, McGraw-Hill

Company, N.Y., 1992.
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