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F o NEHZA G5 SRS DA S 77 2 1t Be 55 7 THI % EBAM
L5 22 S Rl H RS 22 B9 A 1)1 (coaxial electron beam
wire addictive manufacturing, C-EBAM) #E4T T 41tk
Bo MHE T LM PR T2 E . A
AR I R DL R R B 22 e 1 5 5 ) SR R R . A
HF C-EBAM HHE] N, 3R BEER S .
1 % I

BRI A R 2264 9 78 BB S 3RO 2.0 mm
TC11 SRE &2, W 1 s . A R
RPERERO A R T A AR TC4 ERG S5
#, 74 GB/T 3621-2007 #rif:.

R T 2 TR RE P 1T 3 R B AR F R 5 v B AR

HLFHE, 2R 2 XTI AR 5 N T80T 7 R4,
X1 EBAM, i 1a FR, SR ERTEHIE R
Fibt B4, 18175 6000 mmx1800 mm
x1000 mm, f RHHIIZE Y 30 kW, i % 60 kV.
MUK T ZSHON: EHAFER 33107 Pa, T
I 200~300 C, MEHE 60 kV, LETEHR K
G R BEEAE N 10~15 mm, HIR 60~65 mA, 17t
HE 260 mm/min, EZEE 1500 mm/min, FIETE
10.5 mm, JZ[EE 1.8 mm, B4 20%, 2 2 BT
BT AR E AR B 51847 . iR (D iR RE
X1 R 45 J-mm™ .

S”=K(1+go)% (D

R, P ONRERSE, IJmm’; K NSRRI T o N
BN, U NIERIE, kV; AR, mA; d K
PLEAR, mm; A NHIEZE S, mm; v NATHERE, mm/s.

#1 TCUHEEMEELERS
Tablel Chemical composition of TC11 titanium alloy (/%)

Al Mo Zr Si Fe C H N O Ti

6.66 3.76 135 0.27 0.03 0.007 0.003 0.009 0.12 Bal.

2 AIAMBTFHRELHREFEREFESMISETE

Table2 Comparison of beam source characteristics and processing parameter s between thermionic gun and cold-cathode gun

Characteristics Thermionic gun Cold-cathode gun
Source Tungsten wire/piece Helium/argon/oxygen/air/nitrogen/hydrogen
Particle Electron Plasma
Chamber vacuum/Pa 107 10"
Current density/A-cm™ 1-10 1-10°
Acceleration voltage/kV 0-150 0-30
Beam current/mA 35-120 100-300
Wire feeding speed/mm-min™ 900-1800 550-1600
Travelling speed/mm-min™ 150-500 150-900
Melt pool size/mm 10-15 5-7

Scanning waveform
Wire diameter/mm
Layer thickness/mm
Cooling rate/ K-s™
Titanium alloy deposition rate/g-min”
Life/h
Stability
Wire position
Elemental evaporation

Limitation

Circular/infinite/linear
1.6/2.0
1-3
10°-10°
60
60
Sticky/stuck
Axial side wire feeding
Serious

Magnetic/insulating materials

1.0/1.2/1.6/2.0/3.0
0.4-2.5
10°
80
>100
Continuous operation
Coaxial wire feeding
Less

Magnetic/insulating materials
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XtF C-EBAM, Wil 1b Fias, KA B = i
IR b B W0 e M B A, 84T Bl 400
mmx400 mmx500 mm, & KHHIIERN 30 kW, INE
HLE 20 kV. A MK T 22508 : S B A KGR 1.1x10'
Pa, ZSIE 0.6 L/min, A E 3.93 mL/min, Tl
IR E 400~500 C, MHEHEE 15.0~15.5kV, HHEH
1% 5~7 mm, I 130~140 mA, 17353 360 mm/min,
£ TR E 831 mm/min, FIE % 9 mm, 1A & 1.5 mm,
BHR 40%, 82 3 EAERTHHRRIESZT. R

a

Vacuum chamber

Thermionic gun

ru 1 mechanis il

Electron beam Wire

Sulpstrat N e

:¢L/Z j;ﬁ./i\

P8 D HHHEMRE RS EN 60.6 J/mm’,

KA T2 25050 HIE R SR 150 mmx150
mmx6 mm ] TC4 $R& & HMR L HIE TC11 B & &ik
Fege, B 2 Fios. % R4 A28 110 mmx19.1
mmx107.8 mm Al 110 mmx19.7 mmx105.3 mm, U1K 3
Frose 5 XA RE il b #3077 Il 9 x J7 e, A
WS FEXG N7 18 y J5 W, ER T M z T .
AT B ER G, SLUIHI U & S48 & 7
R . SAAHRHELVE . JOEEH Kroll 5

Wire feede

K1 T A 2 M G N LR e
Fig.l1 Schematic diagrams of EBAM process: (a) thermionic gun and (b) cold-cathode gun

(1 mL HF+2 mL HNOs+70 mL Z )&, K A ZEISS
AX10 B2 BB AT B R 2 W R0 43 4 o SR
Imag-Pro Plus 6.0 X 1H5 o AHE B . K% E PRESI
SAS A4 VIBROTECH 300 LR Bhl GRS
Yo, R A [ 52 W) b R S A L AR, ZEISS,
SIGMA300 %, Bt 92 48 (Oxford) {X#% C SWIFT
A1 EBSD {14, FIH EBSD 73 #r#f4 Aztec Crystal 2.2
Iy HT R RLIESR . MR GB/T 4698.8-2017, K HLEHE &
LEETHETFRIDGEES PR Al H&. R
GBJ/T 4698.7-2011, ¥ F T ARG B2 ALK 73 ik
FEF O & & . R FALCON 500 A4 3 AR FE i1 L 1 mm
{14 1) o 3 AT 24 PR S Akl 2 K, 4847 200 gf, At )
15 s. #ME GB/T 228.1-2021 MR J5 = 1E 73 BEREG AL
o A 4 AT B U B A BRI, L rp s T (R
YANE x i (T) 5z J5m (L) B3 MAFEIE,
PFE R A B an i 3 s

2 IR

2.1 fHAeELR
TC11 fERN—F at+p WA E &, A H]E T
FE, PR EE 2 A B R A E A AR AR .

B2 7 SO 22 38 A 1 i R
Fig.2 Samples prepared by EBAM (a) and C-EBAM (b)
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Fig.3 Dimensions and sampling position of samples

Kl 4 878 T EBAM TC11 8k &4 XY XZ LK YZ “F
3T YISO A . Wil 4a 1 4b FoR, 16 XY
ST R EE BT ORR T 1), AR AR BT AR AR SR B
pwkl. TIAE XZ F1HE (K 4c M 4d)  YZ P (& 4e
At WIEET B B AR DR T o B DL
FAEFIR o A B g N T 20 4L, A0ERIR o BR o
EHIERE AN 0.3~0.9 pm. A 50T AT ST AT
BFEIR & FE T T o AN G X A CFE 600~1200 pm) o
X 5 H AR A i 7 A % 1 TCLL BRE &b g AR
AR S B 22 R AE T B a2 G T T
S8, WnRe R AT I

5 &7~ 7 C-EBAM TCI11 k&4 XY XZ LK

oF

By eedle-shaped ¢

YZ T 3 A7 MU O A 21 . n 1] 5a Al 5b TR,
7E XY Vi L, AT EBAM, C-EBAM &4 ik
d fr B AT B Sl B R RUSE BE /N (5 400~800 pum) -
MAE XZ P (B Sc M 5d) « YZ P (B Se fA
5 HRHOW Z5 R U AR ) AR S SR A AR
K, ATRATE I AL SR p AR AR T, pAHEER N o AU B
AR E da 1 AT H S8 A IRFATHESICEL 5d FE 56,
A B KL N AIBEEAR N atp T E, B o S
%5 N 3+1.2 pm.
2.2 BRRHR

TESE A ) TC11 K& & F o MH& ER . Fik
WS ULA T [H ) EBAM 5 C-EBAM TCI1 #k& 4 YZ
BEER T o AH OB ] (IPF) 3E47 73 H, % 4E EBAM
5 C-EBAM g ki3, 45 Rl 6 frox. tHIE 6a ]
E i, EBAM & & ERIR o S RIBL 8 %, A W
B RAEKIUN . FFE/E C-EBAM 4% o 2
V] 1 Y5 A B 2 B A AR K H ) (] 6b) o IX B 7E LMD
TC1l SREeTMER 7RSSR, X—WRATA
[Rl 1 76 389 b i) it 3ok 72 b R AR T SE A Bl A T4 AR AT
NG SR EC R BE AL DR, AT DA B 32 o
AL AR B & 10 [F P 53 A0 o o AH A R H ) 5 8
T o PR L

Kl 6¢c Zar 7 {0001} 1H I o AHLRE (PF) , H
Xof ST B HENTT S S5 #) (hep) £ B R1. R2 414030,
FHF 6d AT E H EBAM £ 491 {0001} [ _E a #1°4 B,

o
r

K4 EBAM TCI11 & &iii A R K A H R
Fig.4 Microstructures of different cross sections for EBAM TCl11 alloy: (a—b) XY plane; (c—d) XZ plane; (e—f) YZ plane
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Equiaxed /3 grain
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Z(Mm 5 %m
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K5 C-EBAM TCI1 454N BH 11 G AR 24
Fig.5 Microstructures of different cross sections for C-EBAM TC11 alloy: (a—b) XY plane; (c—d) XZ plane; (e—f) YZ plane

Titanium (a) Titanium (5)

0001 1210 001 010

0110 110

Titanium () 0.00 i Titanium (a 0.00

6 EBAM 5 C-EBAM TCI1 &4 vZ Fiii BRI (IPF) FIREE (PF)
Fig.6 IPF (a-b) and PF of « texture (d—e) in YZ plane of EBAM (a, d) and C-EBAM (b, ¢) TC11 alloys; PF of a texture in {0001} plane (c)
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R1. R2 4K, C-EBAM &4+ {0001} 1 L a 4 R2
2 (Bl 6e) o a ZMIAFERY p—a AL FEHRA
KA IBYEAR T o SR i FH ¥ 50 %5 1 A B (MUD)
Fon, M C-EBAM & & 5t K 41 58 B M 5 T
EBAM 5 % 5 /&, 5 5N 92.37, iX & KN C-EBAM
AEHARETEZMNHERS G Kb BYMM
<0001>J7 M5 y 77 —% . R1 Z#<0001>75 7] 5
x~ y F z J7 [ 2 18] [ A BE SR & O 45°, 60°F0 73°,
R2 ZH<0001>05 15 xv y 1z J5 [A) 2 [8) 9 AR o
Z N 73°, 35°F1 60°,

WAt e Lk (BC) 5 & BT 4 A B (TIPF)
PR & I CGBO & I, 13— 243 1 EBAM 5 C-EBAM
A & PR AR SR SR AR M B S R A . il 7a AN
7b FiaN, KA BN TR FE &G 7 (LAGBs, 2°~15°) ,
M2 N T A B AL (HAGBs, 15°~180°) , LAGBs
FFEPTER BRI b, 2 B0 A 7E /N SR N 3
7c 7% EBAM &4 LAGBs 5 HAGBs fJ L4143
WA 3.84%, 96.2%, & 7d 7% C-EBAM & 4 LAGBs
5 HAGBs fIEL1 5 38 8.92%F11 91.1% . Ji it % Lk ]
A1, EBAM &4 H KA B dL S/ T C-EBAM. LAGBs
(1 s b A8 T 5 3 o Ao

2.3 HhEMee

WK 8 fraw, 4% EBAM 5 C-EBAM &4
XY T XZ WUL K& YZ W37 508 I, Hop
XZ. YZTH Rt TR Z &S . WE 8 ]
PLE H: P& AR (HV) JEH £ 3136~3724 MPa
Z V8] o i BE T R B IO, A X 1O
JZ N 73 A BE LG B R A S AR AR X o i B XY
[l XZ T VA J YZ TS 2 R 30, EBAM & 4 B A fifi 52
BHE T C-EBAM. 73 Hr R W, S fChdll B2 1 A8 Ak 3= 22
= B AEARAR A SR AL A T R, HLAR AR AR IS R AR
TOCRERE

WKF5EE T H A% EBAM 5 C-EBAM ¥t
AR AT H R AR, SR WE 9 Fis.
9 R/KFJ7 1M EBAM 5 C-EBAM W FE-F 3 b
FE 53 5128 1073 A1 1034 MPa, 375 T4 AF kR 1030 MPa;
FEHJ7 M EBAM 5 C-EBAM A KEF K404 5 & 73 il
591039 F1 1016 MPa. 1fi X T-4E & £, 7K ¥ 75 M EBAM
5 C-EBAM {FE V- 24 4 R 11 43 71 4.5% A1 10.5%;
71 EBAM 5 C-EBAM R AL 7 2 1 JE PE 23 5 6%
A 11%, EBAM BAF ZEA 2K T H A 2E5R (8%) . @
it EE A &0, EBAM 5 C-EBAM ke /KT 77 [ i 4 5

Frequency

40 -
a Phase Misorientation Angle/(°)

20 60

0.20

0.16

0.12

0.08

0.04

0.00

. L

0 2 40 60 80
« Phase Misorientation Angle/(°)

17 EBAM 5 C-EBAM TC11 &4 YZ Pl RRIATH # X LLE (BO) « RAREIH K (IPF) 1B (GB) &fn LA % 43 4
Fig.7 Combination BC, IPF and GB maps in YZ plane of EBAM (a) and C-EBAM (b) TC11 alloys and misorientation angles of EBAM (c)

and C-EBAM (d) TC11 alloys
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1%9. 8!\’“’2‘ Mlcxoh ardn,
400 3

55, HV/ ess, H/..
W;c(;‘az "0 320 360 40 0 2 S8

360 320 280 249 5 2

°EBAM XY

12 12§ " C-EBAMXY
$ “EBAM XZ
E 10 10 g acEBAMXZ
g & oEBAM YZ
g8 8 & .CEBAMYZ
g
N 6 6 g 7
e 8
& 4 4 2
S b7
E 24
z | . T~
Ak o
Dl;vrallc .;.{ & 1 l l
o Cl ]
alice/ma ﬂ;@ & Y/ \

Kl 8 EBAM 5 C-EBAM R A [7] 780 T (19 2 A 2 4 A
Fig.8 Microhardness distributions of different cross sections for

EBAM and C-EBAM samples

Tensile Strength/x10° MPa

0 2 4 6 8 10 12 14 16 18
Ultlmate strsngth - Yleld strength E]ongatlon

2222222222222
ATy

Forging

N\

EBAM 7222222027022

transverse N\\Rexxeey
EBAM

longitudinal

C-EBAM B 000 )
fransSverse ANNINNNNNNININNINONNONNNINNNNNNNAY

Wzzzzzzzzzzz;z;722222272724

NN

.

2 4 6 8 10 12 14
Elongatlon/%

B9 EBAM ‘5 C-EBAM B $ir i1 3 J¥ 15 %1 2R
Fig.9 Tensile strength and elongation of EBAM and C-EBAM

samples

Cathode

Filament

Focusing coil X

Deflection coil X

FEY e T T Mpih R, (AR R . BB
T 0 () & 1) M BN -3.17%, —1.74%, FEMHERK)
B S BN 33.33%, 4.76%. EBAM i FEHTH 08
FEWE T C-EBAM WFE, 1T 4E{H KT C-EBAM ik
B, C-EBAM X FE7E B A i B 1 IRl B L RER I H R
U R SE A 28

3 S5t

3.1 “MuENTZREMHZIN

Wi 10a. 10b s, A1 H 45 S 1 B AR L 74
SRR 88 3ok it o0 7 B A b PR e i P B I L U
IFRAT 223K 15 . VA I A H AR FH AR Bk ik e 7 A B
e PR Z B = A AR, TR RS S k. ST
PR B A AR N IR T, A
R R N Rt R R AP SIS 759 ol £ e 2 R 2
IE AR BH B 2 T8 F s R s, R BT IR
FAMK « BB AT S S I B O R G0, PR BRI R,
MATHERERGNRERRETR. BAHKRES
PRHCH ) 36 2 0 2 o0 [ HE R S 5 i U4 AT AR AR
HEFAEZHIBET, RREXER: HBRELHEAH
FEFI TS [ W50, Y 3 FE A2 ) B I R, 0 AR
Ry SRR L S R AL A B AR, T
A Y 5 £

WMETATR, ZMAE. AEAAEmE L2105
SE M, T S Tt A A N RSE, AA T A b 5 )
B AR . RSO S HIES . [EHRTFREZ
R R A, A7 3 1o VAT Dk Tt A A A RS RS
HEAEH . DUTRR RS I P IS (static

Cathode Wire b

Preheating wire

y! Beam waist

/ F, \\In—snu preheating

Bl 10 2204 B0 J i ok VB 1) 5 il
Fig.10 Influence of wire position on droplet transfer: (a) EBAM; (b) C-EBAM
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force balance theory) Xt#i 32 J1E4T 04, A
10 s, LEPIE - 50 F, 1 52 3 4 Fh 770 5200 .
B Fow “MERMIMK Foo &BERRMIES) F, M
WILETT Feo BRI, 530 3 3 A I 57 2% A

(1) EBAM: (Fg+F.)—(Fsicos 0+F,)=0

(2) C-EBAM: (FyytFoy)—(FotF) =0
HrhdOR Iy Fo 5 HAh g AH B RN AT 2208 ATt B
Fo S IE SO RN B B S R R b 2Rk
71 Fo 520 BAR MR K )] REROELL: &8 &R R
S F, SWAZERE P AR, Tl (2) R

-1, (2)
RTT,

P =0.54F exp(AHv

Horb Py RMIZEIRE, Poe IR ), AHy =2 2R IE
W, TR, T, 20, RZESHEE.
AR, P RRARRTR R R, BHE IR
T YoE, HFHEZERTEJERMTREKRMEL. £
EBAM m H 2R MR R BE, 5l &
5.92% Al (BLEH, FED , 0.1%0, Al TTHRAK
PR, XU EUR TR, T R EAT 2 b, B
R &EIT MR E M. 1 C-EBAM H 6.48% Al,
0.15% O, Al T&HRJLFLEK. BE, EBAM H7T/k
Jitt C-EBAM # & LN B &S, MiE (2, P
A%, BEIKT To, SECP M F N, BI Fy >Foo
H TR A RIEREN F, 2K S b5 22 38
M Fa s TR A R o [RLE X EBAM, L 4iE
Tk BN 22 B 5 2 bR DN AR R I 38 e Il 45
W E M, DLSEIP ARSI, X TCBEIE N T A I
WESIREE, GBS UUR T AR R B AR & .
deAh, I Y e AR OE T & JE AR YRR R ) ]
ST I . BRI S P PR, LT
FaE PRI R . B 10 FTow, 20 3 B2 Ak s vt
B, i Rt 2 T ) 3 THT 5K ) {6 s i T PR 4 4% )
IR, KR 2 A i AR E TR AR . R,
e R s VP o B DA UK /)N 4 T8 28 VR R e T g A R 1 s
Wi, PRAIEI% 22 36 B 5 47 33k 3 B F UL i /2 AR 1o I 1) 0%
. JFHWE 10 fras, T EBAM, 2284 3 i T
IEAz A E, O — MR R TR e E, A4 —
TER T IR Ee E BRI X . B2 S iEsh i
TR XK, GIBRREE G, SEOZBIE T
W& 2 BT R R R 2, RS A A AR . T T
C-EBAM, K/ ResH TIa2nt, 2piihm ik
M T IEb Az O A Tm s, ks 7T ARG 2
RIEIE B DRIk, R sk 22 3o 7% mT 78 B AN
Hik e LT R HEHEERS, XY KT L2235

EFVE L, AT A RO G R AR e .
3.2 AHAEREMALETRIZ M

EBAM HE [ BCHATE B T AR B Al h 08 200 11
TR, I BT R A A ANk [ 4 A AT 3 G b 5 50
SE [k [E 23K o T C-EBAM ££ 0 T ) [F) I 7] 72 8 41 3%
HEAT IR AR K, BE S DA X IR A R R, TR R
TR 20K SR RO S5 48 . IR EERE R (GD
VB [ B (P A 5 ) e [ e A v o R T 3 1 7R
FERER. BURTIN TS5, s % AR HE R,
B G AUE V SRR EAEK, K G fE Vgt
5 TR A o

AN R # J5 3Q [E  F2 R i AT O B R e T
TC11 5 AN, Al B 11 AR 5 IR AR AR
BE VA H) R AR FE o AR AR A E R R R R AR
AFEAEAR ISR AR T 25 Cls, WU o 5K
1E B AW BOMEZMK K, RAEWE 11 # a—sc
7R B—o+p #5AF s A HLEFETE 25~410 °C/s 2 [A],
i T LA o SRR TEFER AL B ok, HL 3
AL R R U R R E R, KAER 11 H
a—b—od TR foa'—oto+f FEAS; [ o H 2 1
WS RMWERES, KAEE 11 F asbod AR
B—a'—a'+atp AT AEERE T 410 C/s e dk &
BB A AR T AR o' TERS, RAEKE 11 1 a—e
FioR B—a'+B 5575

As the cooling rate increases

&

B 11 AEAZEZ T EBAM 5 C-EBAM TC1l &4 % 8, o
5 o ARMARAR R &

Fig.11 Schematic illustration of phase transformation between £,
o' and a phases in EBAM and C-EBAM TCI11 alloys at
different cooling rates: (a) f phase; (b) a’ phase; (c) a+f
phase; (d) a+a'+p phase; (e) a'+p phase
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12 NPT N JZE N+3 21, N JZd—
TEIR AT, 58 N ER N AER . Horb T, 8 TCLL 4B R
Ty N f—o ¥R SE, Ty, N o VR E L T, 09 a—p
AR . o G IR ITE T Z a1 410 °C/s [l 5+
AEIE A 800 C 1Ly IR IR AR IR E (M Y,
LIRS Ty, MR AT REA o' 8L o FTZAR atp
(2 B TR A il p A . T C-EBAM B A J#
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multi-layer deposition from the N-th layer to the N+3 layer
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Effect of Coaxial Beam Wire Source M ode on Microstructure and M echanical Properties
of TC11 Titanium Alloy Fabricated by Wire-Fed Electron Beam Additive M anufacturing

Wang Zhuang'?, Quan Yinzhu®, Shi Yilei'?, Sang Xinghua', Xu Haiying', Yang Guang', Yang Bo', Qi Bojin
(1. AVIC Manufacturing Technology Institute, Beijing 100024, China)
(2. School of Mechanical Engineering and Automation, Beihang University, Beijing 100191, China)
(3. Unit 93160 of the PLA, Beijing 100076, China)
(4. School of Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: The presence of needle-like o’ martensite within the coarse columnar f grains is the primary reason for the poor ductility of TC11
titanium alloys produced by wire-fed electron beam additive manufacturing (EBAM). To enable the engineering fabrication of high-strength and
high-ductile TC11 titanium alloys, a novel coaxial beam wire-EBAM (C-EBAM) process was developed, which could enhance the interaction
between the electron beam, wire, and substrate, thereby improving the thermal distribution within the melt pool. Comparison between EBAM
and C-EBAM samples was conducted, in terms of microstructures, grain morphologies, and mechanical properties. The impact of wire transition
states on process stability, martensitic transformation, and the anisotropy of tensile properties was explored. The results reveal that C-EBAM
facilitates the formation of strong lamellar a+f microstructure with minimal evaporation of Al elements, which is achieved through slow cooling
within the f phase field and in situ martensite decomposition. Compared with EBAM, the enhanced ductility by C-EBAM is attributed to the
development of the bi-lamellar microstructure and discontinuous o grain boundaries.

Key words: wire-fed electron beam additive manufacturing; coaxial beam wire; TC11 titanium alloy; microstructure; mechanical property
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