|49 % % 2m/202 % 1 A/REME

T ITmd L EENBOEEATIR I $S Ti6Al4V
T &5 PEREWFSE
BHE2 BTR, HEES T, fHHD?

U [ Ao B 7 R B e R I D2 RSt E, b At 1001905
ErfE RR 2 Bk TR 2B . AT 100049

WE &SR BA &N T LSBT BB AL TR (LMD I 3 B e B 2 — WU B APk . 32 7 —Fb
AT SRR B kB THET LMD T2 8o i S804, A SCEk i 3 B0 LMD T2 5ods 4 2 0 2 49
LA B T ARE LMD il & Ti6 AV i L Za . A EZREPE TARBOCE ¢ HIHEE o FEH
B A AT A JC R A S50 RE R %8 B, % LMD il 45 Ti6 Al4V HURIREE A U PEBE RS2 M . 45 R R, LMD i
2 R 2 B B O BOIR A A A R A AR R N B B RE B REINTTS K . 7R A 0 AN T TR 1 e AR
ZHE; =3.74 T LMD il % &) Ti6 Al4V 3 FE Jo 0 & B fa , B BE O 391, 7 HV, S hr i B2 4 963 MPa, IE fif 32 4
13.4%., SRFRW HAMENEERN T ZRAL/N T ESEGER, 0] IR LE 4 1 # et R 0B,

X 17
FESESE TGI46.2; TG146.3

1 51 7

BOCHE AL TR 4 R (LMD) 2 F F 58 £ i 30Ot
R AR A L i BRI 15 6 42 % 2 DU R, 5 AR v
SEA KRN Y BRRE ol Se R Y
e 48 T 20A0 L LMD ¢ AR ] K e 0 20 14 BHR 3%, 4
B O R A O E A A B AR T R T
FIAT. LMD $ R B fE ek &40 a4 M
316L ARG A4 R4 R 75 31 0

LMD i 38 1 19 1O 45 #4 F1 g 27 1k B 25 1A il
ETZZBMARMARKRER, XEEFET
LMD s # v 5 T2 2 800% U0 AR 56 0 /A 4 . B 5%
N BT P38 5 R 4 T2 S 5005 B R 0 O 2
Y BEAIR AR P R B B SRAS I 5 19 F1 B . Yao
ENIESE T LMD i 45 18Ni300 T2 2 8O0t BB i
S, R PR I B B S O AR R R E
MIX. Zhong %M WS T T4 280 LMD i %
Inconel7 18FLBR R AY 52 W, & PLBE & BOGTh R 8 0m ,

BOLH AR s TI6AI4V; BOLBTIM; T L 2K BORALl S
NEERED A

doi: 10.3788/CJL202249.0202013

JEB A FLBRR T BE . SR SCHR( 10 ]9 H 52w 2 14 5T
HISEA 130 24, X8 BT 5 & H 5E AR A
I LMD s F R KRR 56 e
T AR F K R SO R W S AR L I DA
B AEAL T %, Thomas 2852 44 8 T 8 2K PR 18 44 1 3
BORMTC =N T 2B IF R E & 5 2 Rk kL T2
B 1. RACH JE A, Wang S5 SR 3 X 06 #
FR (SLM) L FEREE T 20508 T il 45 13 Jo i #u ik 311
LR BE B PR R A 3161 ANAEE. X I L&
Y4 T2 B AT LT A 4 A A SOk B i 4 SR
7o SR Tk A 7 A ny X 4], LMD 5 SLM i ##
HEOC SR EAE AN, A SCHRHE Thomas
S TEANPE TAE &% LMD T2 59 BB 7 5, i
HEIAEER P A IR EE G &k R T A S8 5 M
BHAY R OCHR 15 8] LMD W T2 S84,
BT O T B T B A9 S B RS SR A N TR
SRR B T 28 I T E W T AR L 46
INT T LSRR BOE [ LA Ti6 Al4 VIR 1]

WiE HE: 2021-05-14; 1EE BHA. 2021-07-15; FHAHEH. 2021-08-11

EIE1EE : *hzjiang@126. com

0202013-1



F£49% F2H/2022 £ 1 A/HERHE

I I JC £ 49 T 20 IEURIIE B2 B3 5 e i 98 1 2 S 800
LMD-Ti6 Al4V # B} W 25 4 S g 2 1% fe /4 5%
AR SCHE ST Y TG A0 TS U T S R0 e B i £
R IR R A 2 X,

2 5 P

2.1 EENIZSHA
O AE 2 2% i i £ A R R L X R

PN, B P F O S MEOE T F (¢ LA
i E (o) DR AR Gry) DL RS 50, 10 bk
(o) AYHUE () TR D VA C) .
PRI S5 CT ) AR ) 8RR B (T ) 5, BR LA
L2840, LMD A7 )2 5 (O A B Ch) Fi ik
ME( ST ZERE, 81 W LERAZEETEN

",

1 YHENER

Table 1 Dimension of physical quantities
Variables q v i [ h a A T,.—T, w 0
Dimensions ML*T * LT™! L L L L*T™" MLT 07! 0 MT ! ML

1P M AFREMENL HRKRENERN, T
IR RN L0 Dt R R, Al LUE ), BiA AR
AN R 4 DN ER o2 T, — T,
5 oy 9 BEAS B X R Ay A A OTG  4 1R L U)X R Y
T WS A

_ Aq
(T, — T (1
o = (2)

a

rp

rg
Ve (5

w* - 3 2 — ’
rpa ACT, —T,)

. o
== D) (6)
O AT, — T

(O~ RX.q IR, g HEENIF, v B
O o T W, -y AR LR
SR R RZE e S EAREE o R
AR, 0 R, 0 TG N
o HEE 0" HTCENEE A R EOL R IR,
7 AR AR, S0 bl 0 A 1 S BOR MR
G TR R RS e T R ) ) - XM A bR AR I b
I B R AR

A8 E 1 iR B LMD JE 5B, 847 i 18] Y
WO IE AL IT B B TR o BB R A RL, W) 27 T
HIHOCREREZE E W RKR N Ag/qw. JEEAL
Jo R AR AR R H L N

H,.,=C(T,—T)+L,=C,AT+L,,
KL L, WIEREIGLC, AR LR E., T 2R
MEL L, IR N

. substrate laser |:| cladding laser

El 1 LMD BB # s =

Fig. 1 Schematic illustration of melted zone geometry

for LMD
L, =0.5C,AT, (8)
Wk, H i R8N
H..=1.5C,AT, (9
s (D~ 5H
g o E _Ag 1 2qp

" T H. g L.5C(T, —T) 3 o

(10)

K E . i Ak 5 5T i 8 AR A R T T 1 /N T
HRE R,

Sy fT A 20 AT 3 K B TE 18 DT R B A i A AL Sk
B 1), o6 g #O0E 0 H— A B T R R
2rpl IR U LMD T AR KK & o (g/min) 5
BP9 T ) G R

ot = 2rylotp, (1D
Ao, MBRFI R, ShatEl, XD AT
WA, iR
w’ :%v*l*p*, (12)
B2 XA Q0) K a5

0202013-2



=495 £ 2 H1/2022 £ 1 B/ EE

g A 1 _

3ryvl oC (T, —T,) "1

X E AT WARER%E, Eid E" RSB RK

5 Thomas A RAEES L — . HHELER

BOEFEE 2 5], X EEE LMD 5 SLM B T 204
R E BT 2

—, (13

2.2 EENTIZH

R SCHER T LMD HR H % & 2K 5 &
T2 2 80 8 SClk [ 15-25 T3 619 T2 2 508K
i AR A AR TC R T 2 S H IR L loglo i
PRI g " /o™ L7 9B bR . 1/h " AR B, S A
K2 ey e N T LA,

10
9 L
8 .
7r o
6 N
5l - B
4k, .
31 . . e
2k, N fe A
. . ® @ Sig
f l.% T N v B WwWv
8- [, w : . @
0.7+t E@E ~ 4k AAA-EA\A
06 % "
057 s ~ Y
0.4t .
0.3t
02} ™
0.1

# incone1738"

© TiBA14V!>?)

@ H13 steels®!
A duplex stainless®™
v 316L stainless®?!

~E, =16
<

N

~

5
o . .
» ~

k.
1 % =
3

~
PRSI

1 2 3

4 5678910

20 30 40 5060708090100

qa« Wi

B 2 JLFP& 40 LMD SRR T 2R

Fig. 2 Dimensionless process diagram for LMD-processing of several alloys
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Table 2 Factors and levels of orthogonal experiments
Factor
Level
q(q") v(v’) h(h™)
1000 W(5.53) 6 mm/s(0.66) 1.0 mm(1.0)
1250 W(6.91) 8 mm/s(0.88) 1.2 mm(1.2)
1500 W(8.29) 10 mm/s(1.10) 1.4 mm(l.4)
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Table 3 Experiment layout using L, orthogonal array

Parameter level

Experimental
number Laser power Scanning velocity Hatching space Error
q /W v /(mmes ') h /mm e
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 3
5 2 2 1
6 2 3 2
7 3 1 2
8 3 2 3
9 3 3 1
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Fig. 3 Position of selected process parameters in dimensionless process diagram for LMD-processing Ti6 Al4V in this paper
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Table 4 Thermo-physical properties of Ti6Al4V

AP g /(m? e s DO A/ (Wem P K D /(kgem D C,/ /(e kg T e KDY T./K¥  T,/K

0.3 9.09Xx10 ° 3.514+0.0127T 4220 412.7-+0.1801T 1923 298
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Table 5 Chemical compositions of Ti6Al4V alloy

Element Ti Al A%

Fe C N O

Mass fraction /% Balance 6.28 4.01

0.029 0.018 0.01 0.06
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Fig. 4 Schematic of preparation of LMD Ti6Al4V samples and dimension of tensile samples. (a) Preparation method;

(b) dimension of tensile samples
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Fig. 5 Microstructure morphology of deposition Ti6Al4V. (a) Coarse columnar grains; (b) basket-weave microstructure;

(c) acicular martensite
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Table 6 Microhardness of Ti6 Al4V samples manufactured by LMD
Factor
Number : E; Microhardness /HV
q” v’ h”
1 5.53 0. 66 1.0 3.49 380. 2
2 5.53 0. 88 1.2 2.18 382.7
3 5.53 1.10 1.4 1. 50 379.4
4 6.91 0. 66 1.2 3. 64 402.9
) 6.91 0. 88 1.4 2.34 404. 3
6 6.91 1. 10 1.0 2.62 389.3
7 8.29 0. 66 1.4 3.74 391.7
8 8.29 0. 88 1.0 3.93 378.7
9 8.29 1. 10 1.2 2.61 374.0
7 WO EE Y Oy 25 A T A R
Table 7 ANOVA of microhardness
Parameter SSi f \% F F, Significance
q 639. 29 2 315. 15 135.62 Fo 0 (2,2)=99.01 * %
v 181. 60 2 90. 80 39.08 F,(2,2)=19.0 *
h’ 125.18 2 62.59 26.93 *
e 4.65 2 2.32
Total 941.72 8
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Table 8 Tensile properties of LMD-Ti6Al4V samples at room temperature
. Ultimate tensile
Status of materials E, Yield strength /MPa Elongation /%
strength /MPa
1. 50(No. 3) 962 898 13.3
2. 18(No. 2) 1028 954 10.5
2.34(No. 5) 1026 950 8.0
2.61(No. 9) 963 891 11.4
LMD(This paper) 2.62(No. 6) 975 894 11.8
3.49(No. 1) 1008 940 15.6
3. 64(No. 4) 971 894 12.7
3.74(No. 7) 980 909 15.2
3.93(No. 8) 991 918 14.1
LENS"" (Optomec, HIP) - 1002 899 11.8
Forging(ASTMB382-13) - 895 828 10
1400 - yeild strength
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Fig. 9 Comparison of mechanical properties of Ti6Al4V
samples produced by different methods
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Fig. 11 Typical defect morphology of Ti6Al4V samples fabricated by LMD. (a) Lack of fusion at E; =1.5;

(b) gas pore at E; =3.93
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Abstract

Objective

Laser melting deposition (LMD) enables the generation of complex-shaped or customized parts that can

be used in various engineering applications. The ultimate mechanical behavior of metallic parts is related to their

thermal-history-dependent microstructure. To control their microstructure and resultant mechanical properties,

understanding and predicting their thermal history during the layer-wise manufacturing is critical. Therefore, many

research efforts have focused on determining the effects of process parameters on the microstructure and mechanical

properties of LMD parts. However, obtaining optimal processing parameters for LMD to realize high-performance

0202013-11
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parts is challenging because the quality of these parts is affected by many parameters in the process. Few systematic
attempts have been made to relate these parameters via characterizing underlying physical processes. In this paper,
we propose a novel processing parameter screening strategy with a dimensionless processing diagram. Such a diagram
defines a set of appropriate operating regions for LMD using identified dimensionless groups of processing
parameters. The diagram provides a useful reference and methodology to aid the selection of appropriate processing
parameters during the initial development stages.

Methods To optimize processing parameters, we combined the approaches of dimensionless processing diagram and
orthogonal design. Several key dimensionless processing parameters were derived considering the temperature field
to describe LMD. Scattered processing parameters of different types of materials for LMD taken from the literature
were normalized against material thermophysical properties and presented on the dimensionless processing diagram.
The diagram presented isopleths of normalized equivalent energy density E, and provided general process windows
for a range of alloys. The orthogonal design was used to further narrow the processing window. Ti6Al4V samples
were fabricated using LMD in a helium environment. The grain morphology was observed with a digital optical
microscope (VHX-5000). Microhardness tests were conducted using an MH-6 microhardness tester with an applied
load of 100 g and a dwell time of 15 s. Analysis of variance (ANOVA) was used to evaluate the effect of E, in
different combinations of laser power ¢, scanning velocity v, and hatching space h on microhardness. Uniaxial
tensile tests were conducted in Instron 5967 machine at a strain rate of 5 X 10 */s. The tests were repeated six
times for each type of sample, yielding standard error bars.

Results and Discussions  The microstructure of the as-built Ti6Al4V alloy is prior-8 columnar grains grown
epitaxially, and the higher magnified micrographs show a transition from a martensitic structure near the substrate to
a basket-weave structure at the medium region of the build. The morphology of columnar grains is a function of the
parameter-dependent solidification rate and thermal gradients during solidification, so the width of columnar grains
tends to increase with an increase in E, . The ANOVA results show that the effect of ¢ on the microhardness of
deposits is more pronounced than that of v and &, and the maximum microhardness is 404.3 HV when E, =2.34.
The Ti6Al4V samples fabricated using LMD at the optimized parameters (E, =3.74) determined using the
dimensionless processing diagram are defect-free with ultimate tensile strength and elongation of 963 MPa and
13.4%, respectively. The mechanical properties of the as-built Ti6Al4V samples approach or surpass forgings and
deposits after postprocessing in the literature. Undesirable microstructural aberrations are found in the components,
including gas porosity and lack of fusion voids. Insufficient heat input at a lower E, introduces incomplete fusion
between the continuous layers, leading to void formation. Excessive heat input at a higher E, makes the surface
temperature exceed the vaporization temperature, forming gas pores.

Conclusions Aiming at the problem that the optimized processing parameters of LMD are extremely complicated to
obtain, an effective method is proposed by constructing a dimensionless processing diagram in this paper. A group of
dimensionless processing parameters applicable to LMD has been defined, and a dimensionless processing diagram has
been constructed on the basis of parameter data available in the literature. The practicability of the dimensionless
processing diagram has been proved experimentally for the LMD of Ti6Al4V. The optical micrographs show that the
prior-f columnar grain morphologies of the as-deposited samples are a function of E, . A high value of E, leads to a
relatively low cooling rate and coarse columnar grain. The cooling rate of the melt pool dictates the grain size formed
in a deposited layer with a lower cooling rate, resulting in a coarse microstructure. By the experimental design of
orthogonal array and ANOVA, the significance of processing parameters related to the microhardness of the LMD
Ti6Al4V is ¢ =>v> . The lack of fusion voids and gas pores is strongly affected by E, , and these defects, in turn,
affect the mechanical property. The ductility of the as-built samples is compromised at a lower value of E ;
however, owing to irregular lack of fusion voids, despite having comparable tensile strength with those samples at a
higher value of E, , the yield strength, ultimate strength, and elongation reach a maximum value of 890 MPa,
963 MPa, and 13. 4%, respectively, at E, = 3. 74, which exceed the forgings standard and is close to those
fabricated by additive manufacturing reported in the literature. High-performance parts are obtained because of the
dimensionless processing diagram constructed in this paper, which effectively narrows the processing window.

Key words laser technique; Ti6Al4V; laser melting deposition; dimensionless processing diagram; microstructure;
mechanical property
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