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Tablel Typesof metal additive manufacturing and their main characteristics
Technology SLM LMD EBM WAAM WLAM EBAM
Materials Powder Powder Powder Wire Wire Wire
Size 0~53 mm 53~200 pm 45~100 pm 0.8~2 mm 0.8~2 mm 0.8~2 mm
Energy type Laser Laser Electron beam TIG or MIG Laser Electron beam
Power/W 100~1000 1000~10000 1000~3000 3000 2000~4000 1500~4000
Light spot
diameter 70~100 pm 0.6~5 mm > 180 um - - -
Single layer 20~200 100~1000 50~200 > 500 > 500 > 700
thickness/pm
: 3 2 TIG(100 W/mm?)
Energy density  200~400 J/mm 100~200 J/mm 4~3 J/mm MIG(500 W/mm?) -
Galvo scanner  Nd:YAG fiber laser a A Cl}alvo scanner  Nd:YAG fiber loser ¢
— ‘ g rgon gas outlet -
Pressure oxygen “\i ‘ :. Oxygen . — —U Revised t E3D-V6
i measuremen Ultrasonic powders Revised type -
Fowde dlspen\slaelzuum sucker E) dehvery extruder
1
Pressing unit Powder Spray\u ( Filament
4 _.  drive
_ Filament
spool

Argon

Spare powder

Building chamber ~ Supply chamber

Piezo
transducer

Vacuum
sucker

Powder

syringe 25 mm

‘Bladetultrasonic’hybrid

K1
Main types and their schematic diagrams of metal additive manu

and (f) EBAM®

Fig.1

inlet
Moving direction

gas
suction
nozzle

I

Building
chamber

chamber

‘Blade+ultrasonic’ hybrid & fused filament fabrication

SR HE T ERY R HRERE

facturing: (a) SLM, (b) SEBM, (c) LMD, (d) WAAM, (¢) WLAM,
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% LDM. SLM. WAAM. WLAM f] TC4 &4,
WILEUURRZFNBAR 25 & A A AT Il /N gk, B B
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FHAMETT AR, XEHTEMRE SRS, b))
(1) B [ 2% At = AR 1) X ool ] 2 A £ g [ TV (il 1 B
U TR IERRBE RS, 3R ECT S5/ RS I v FIBR A R
X, BHIE TR R, ARG R g o7 =
FIREIR S RSEAS—FE, SLM L RE A BT T R RR IR it 5 5
H N 100~200 pm, BEEBOGEARE KA AR 1)
$eE, LDM BT R ARR S 58 T iA 3 mm LA L, JFH
MR URZ . B 2Dy s b i S50 e
TR SRR S S URRE . FHIE 2 ATRALE H, WAAM
AR IR R, X 5 U tb 2 it i R 82 =
FTENE R b (A IR FEANA HI R . WIHG B ki
JEUURRI TSR0, EAEFT BN AR rh 4k e AP e AR K
ST R FIRERAIR AR MG

RO A K7 3 5 G T IR I, AR R 75 1)
PEARE SR, R T8 M R AU ERE. 5 WAAM
ALK, WLAM [FIFES HBUAR LI A i v 4
R

Liang 55 A\ N8 i 0% %k XA G ] % Ti-6A1-4V &
& IR A B T2 A A S 2, T BR AR A
(WLFE 3). R RY, B HEE T 2% E 280AE S
G 1R AfORLRUST (E S DA 1) O s % DX HIR i 2 41
Brandl %5 AP FEOE IS ITRE AR $liE Ti-6A1-4V
H4, RIERRMECTZ2HT, S4n48E
FEAE T R AR, 208 600 um, LK 4. FEAE
i U WO T2 S B S R AR O B M 18 AR 1)
. Bl 5 JEan T Brandl 55 APOF ] WLAM T2 il it
(1) TI6AI4V &4, A L0 % X I A IO 15 4 TR
T &, BRI 22 T 26 & 0 S fohn ST BE D RLK,
I B s 7 ) AT A

B2 s s T HOIR A SURFE
Fig.2 Typical columnar crystal structure characteristics of additive manufacturing: (a) LDM, (b) SLM, (c) WAAM, and

() WLAMZ15-181
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B3 ORI XL Ti-6A1-4V HRAR 5 21 SURRE
Fig.3 Microstructure characteristics of Ti-6A1-4V columnar crystals by SLM: (a) without treatment; (b) 600 ‘C/4 h, AC; (c) 800 ‘C/4 h,

AC; (d) 850 ‘C/4 h, AC!”!
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direction
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| direction

K4 NELZZSHHOCENIIR Ti-6Al-4V FEHA
Fig.4 Meso-structures of LMDed Ti-6Al1-4V samples under different parameters: (a) 1#, (b) 2#, and (c) 34120

Prlor /;—‘gr
boundary
A T

BlS  BObKE 2388 4G Ti-6A1-4V #L7 2H JUREE
Fig.5 Typical microstructure characteristics of prepared Ti-6A1-4V by WLAM: (a) bottom area (partly globular and partly columnar

prior B-grains) and (b) top area (columnar prior f-grains)™”
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LA S MR R & S AR R 1 ) — A R B
Fo WM G S PR AR R, S A JE TN T
f 4 SR VI e AR e i, A SR R FE AR R, DR A R
WS W16 DUAR J2 45 6 A 11 8 KL 2H 2343 A R 30 HH 4 /N Y
mbl, PURRERINE TZE0EY 8, dA SRR
SO AL R S BCR R B, B R R IR A, FETED
B H IR P IR, TE BRI T Y B4 i 4
4, BRbZ A, BT vk R A B ARk, R
T 24T ARL A XA A FE .

PAEK & & ], AE7E 2 PO A AR 51 I 5
(D SRR A S (2) ANEX K B AR H
W8 R RSP 43 1 ANH4) . Barriobero 25 AU 5T 3%
B OG JE XA AR RE O X3, WY ST ER T M M)A
B AR B AR B PR B AE 70~140 pm,  7E fb ok A TR 56
WA B NES A ERIR S IRIRHEY, REREZN 1
um, 5 T 2R — R 1) 5 b 1 7 L DA S 0
A E R AEEG /N ot 2, Hob o J24 100~400 nm,
BHIEL N 50 nm (WL 6). kRS, ik s
WO LA A B SIAAAEAE T I A dfon, R
Y R RE R O BN, PE BT B AR 3 1 #1547
TEAS [ FE B2 AN 3 S0 1

2 HOLEBHMBIERRE R

2.1 BETZSHS5REMRCIBELDPT

T E b T HR A e 8 A )3 20 23 4t s Ak R 38 204K,
B2 R Keist? | Zhai®VEE FH N 4 R 5%
WA T L2 H AR EERT H R TE 52, 45 RR
A B A1 T 26 B A B 8 F5E L E mFT E E AT DL—
SEFERE LR R KN, A B )i Ak A FE AT A
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2501 S I S e T AR R
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Primary and secondary a’ plates

K6 AIEXIHOLIE X IE Ti-6Al-4V KR AJURFE

Fig.6 Microstructure characteristics of Ti-6Al-4V laser melted in different regions: (a) top area, (b) central area, (c) z=10 mm(top),
[21]

(d) z=5 mm (center), and (e) z=0 mm (bottom)

Bl 7 SLM MM iliE Ti-6AL-4V HYHALER B ok 1
Fig.7 Typical columnar prior-f grain structures of SLM-fabricated Ti-6Al-4V: (a) S1 ( a layer thickness of 30 um); (b) S3 (a layer thickness of

60 um); (c) S7 (a layer thickness of 90 pm); (d) the o' martensite formed inside the prior-§ grains in S

1251
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Fig.8 Grain refinement of LMD-fabricated Ti-6Al-4V by high-intensity ultrasound: (a) without ultrasound, (b) ultrasound, (c) large

columnar grains, (d) fine equiaxed grains, (e) histograms of the prior-f grain size, and (f) prior-f grain aspect ratio

ME RV AR K% Yuan %8 A POVKE my 3 B 0 75 91R 20
SINBOE K 22 i i R v, A I e o P 75 1 5
ANBEAT R Wi b4 g sk AN E A K, A 99
W46 p-Ti LIRS IL , 87 7 ) 51N AR b B/ 1R 1

129]

RPN AR 7 A 1 e K IRl 58 Rt ] 3o A e 1) 3 v
BE, I H i o B A A o e Bk 1 v s,
A SERRL, Ti-6A1-4V £ 5 AU 45 44 M St R FR o A
R P A AT IR i A

K9 SMa%h BT WOLIE LM Ti-6A1-4V BRI
Fig.9 Microstructures of laser fuse additive manufactured Ti-6Al1-4V by field assisted adjustment: (a) the deposited zone; (b) the molten
b[30]

pool zone; (c) enlarged image of marked area 1 in Fig.9b; (d) enlarged image of marked area 2 in Fig.9
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M fife D3 41 i i S R Pk A S AEA R EZ . A
ZUA KA 2 A6 30 B 08 P AR S . DR Dl 3 5

HREVE v & e i dg sk, A mr DLV O 40 & AL 1
%R A, Hu 25 NP TiB AE 4 3 AR R A2 8 Ti
FE AT I ] I 0 25 1 S, O R A o = 4 R 2% A
S5 TiB MY 5Bk A R G ATROR 52 Bk & < 10 T 2
WL, AR5 IR 1K) = 2 W 2% 18 i 25 ) {49 4% 17 [ 2 3 o
B S
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B 10 TA1S BOBUTRZE AR &
Fig.10 Columnar grain in LMD of TA15: (a) without magnetic field and (b) 50 mT, 240 r/s°"]

SD
Laser MD

AC
4— clectromagnet

4— Platform

Line of magnetic flux Melling track

P11 A U A3 i B A ) e b X 3 s 2

Fig.11 Schematic diagram of convection in the molten pool by

ultrasonic field-assisted additive manufacturing[n]
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B—atTi,Cu, PR ERHT A & 1 5 b 240 4 U5 T4 3 i 72
] -0 S T A S A 0 K I 25 R i Ve X A i, AL
Ti-6A1-4V, Al 1 V 70 2 W FE AL fl 433 ¥4 W wT BL 2
i, H LMD Ui, pdrid @ X Ti-8.5Cu bt
Ti-6A1-4V K 8 fi%, 7845 (1) B 3 i v W] LA 25 b 4K v
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FEIR 58-S 5l R A AR, Wl 13 fows
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Fig.12 Schematic of formation mechanism of composite structure by sLmPY
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K13 LMD il /) Ti-6Al-4V F Ti-8.5Cu & < FIROUL A 215 okl A 1< 0R  IE1RHE A f1 3 B < S5 i ot A9 THIAR 1 20 BE 5 ok ST

LA

Fig.13 Microstructures of Ti-6Al-4V (a) and Ti-8.5Cu (b) alloys prepared by LMD; schematic diagram of the grain growth mechanism of

Ti-8.5Cu and Ti-6Al-4V alloys (c); the area fraction of equiaxed grains versus grain size for the additive manufactured titanium

alloy (d)*!
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X/ Zhan 25 N"E 78 LMD it 2 v 5] iR FE 35 A1
B R (B 17), B 582 WA R ki g o
FEA KT TGS, AR AR R ) 5 4 i
S5 Rk FEE 0 52 TR 7 e — B0, T et 118 T 5 4 55 el et o
A RTINS I S R, LRI R Bk
SR FEIR A 5 Al A AR T G AR R G R
DRI A5 it HP ol B 3 B BSR4k, AR it ) AR A E ] 7 )
550 it v 1 g R P R B T Tl — B

K14 ZRU0HSEM 4141
Fig.14 SEM microstructures of central regions of multi-layer (a, d) TMC1; (b, ¢) TMC2; (c, f) T™C3P

K15 316L ANEE4N SLM B3 AR I 12 ok 45 44 15 A4
Fig.15 Evolution of grain structure during a single track SLM AM of 316L stainless steell!: (a, b, g) =123 pus; (c, d, h) =283 pus;

(e, f, 1) =323 ps; (j) 443 ps
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Fig.16 Comparisons of microstructure evolution of 316 L stainless steel™
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Fig.17 Comparison of single-channel metallographic structure (a)
and simulation results (b)[42]
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Fig.18 Schematic diagram of rolling and welding equipment™*!
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Recrystallization
boundary
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Fig.19 OM images of rolled samples: (a) the load of 50 kN and
subsequent deposited layer; (b) the load of 75 kN and
subsequent deposited layer ( (1) indicates the top area
with columnar grains; (2) indicates the recrystallized

area); (3) indicates the based area)*¥
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Fig.20 EBSD reconstructed grain size maps from transverse, y-z,
cross-sections near the top of rolled WARM walls:
(a, b) with only one rolling pass applied to the
penultimate layer; (c, d) with a rolling pass applied to
every layer, both with the rolling load of 50 and 75 kN,

respectively™®
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Research Progress of Metallurgical Structure Characteristics and Control Methods of
L aser Additive Manufacturing Titanium Alloys

Guo Yanhua, Dai Guoqing, Sun Zhonggang, Chen Xiaolong, Chang Hui
(College of Materials Science and Engineering, Nanjing Tech University, Nanjing 211816, China)

Abstract: Additive manufacturing technology is a rapid prototyping technology that has developed rapidly in recent years. It is widely
used due to its many advantages, such as short manufacturing cycle, low cost, and the ability to manufacture complex parts. This article
introduced the classification of additive manufacturing and the characteristics of the metallurgical structure. The special super-normal
metallurgical process of the additive manufacturing process leads to the existence: (1) significant coarse columnar crystals in the
metallurgical structure of titanium alloys, and with the change of manufacturing methods, the size change of the columnar crystals occurs;
(2) there is an uneven distribution of the structure, including the uneven distribution of phase and grain size. Focusing on the metallurgical
structure of additive manufacturing, the method to improve the metallurgical structure was systematically explained, including changing
process parameters, external field assistance, such as magnetic field, ultrasonic field, online rolling plastic deformation, adding nucleating
agent to refine grains, etc. The systematic elaboration of the thesis will provide a reference for the improvement of additive manufacturing
organization in the future.
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