ETEEN T ZERBOCE TR TieAl4V T
S5

fedg: 12, ZRIERH Y, AR 12T, Wb R 2
Ui R ERE R T e liE T e =, JEE 1001905
R E BB RS: TR, d6R, 100049

W E etk 1E B T 22 H0E AT O A ITAR (Laser melting deposition, LMD)
it P RE A 2 — DOR B kAR . ASCHEH T — R B SOl T S HOE BRI 7, @ T ET
LMD TZHIEENSHAH, FIHCERFIRET LMD LR ME LEN T2E, e T
ASLEG LMD il 4 TieAl4V [ T ZJEH . R EZ RS T A FBOCIER g . AfIER Y
FHHE I EE b 415 FRIE BN BE R E E) 6F LMD #14 TiAl4V HolR e SR E
MIRZm . 45 R 0T, LMD il £ (R R U H B AR i A AR KRR A, FTR i B FE B
BTG K. AR BN T 2RI E M RILS M E, =3.74 T LMD &/ Ti6Al4V X
THEE I, RN 391.7HV, FiRid/E N 963MPa, FE{HZEN 13.4%. A4 REH, F
MMM EN T2 BN T 2S00, 7T UERR RS 1 Re it R A
XEIF TiAl4V; BOGBILTIR: TENTZE: AL J1arkhe
FESES: TG146.2+3  XEMFER A

Tllf

1 5l

BOLEATTIREOR (LMD) FIH R E R BOCHRIG I K, RS SAE RN, 55
WO S 4G, MEMR =g oy . 5&5 T2, LMD HoRATK
WD MRHR B, 4k =i R, IRE S Z R T2, HAf, LMD ARk
IEER A &0, HRIEA 400 3161 ANFHA M RATUSAS 21 8 F

LMD [l () 3= Bk o el i 22 B IO 5 46 A0 g 2 1 e DR B ik T 2 S 3 ) AN [T T
BIRRZER, XEERFET LMD 5 TZESHE VIR REIR . B 7N 1 E R A8
R L2288 RIFRIHORER, FACEM NG, SRR %R . Yao &5
WF5E 7 LMD il %% 18Ni300 L Z S0 o & 1M, RINFAF IBU0E 5 B0t e % 2
EIEASE. Zhong P 5T T T 2S04 LMD #ill#% Inconel718 FLER R KIS, K ILBEE I
HeTRIN, W72 SBR[, SRTCHER[ 10146 e B RS E0E 130 24, RE
H il 2 & HAE AR T LMD i F2 M, (H AT 75 R & SE IR 0 E

N T R LR K& SCER AR 7T R I DA AAE T2, Thomas S8 & T4 R IR
BEMHEREARM T EN T2, FERERIS Z MR T 2% 0. DU 5L, Wang S50
K X B H R (Selective Laser Melting, SLM) 7E4RE L Z24F T il & o /& #vik
T 9 5 A 25 R ) 3161 ANERAN, R W] Jo iAW T2 I T DL B B e b A FH SCR AR P
sS4, AR BT 7 AR X 5], LMD 5 SLM i F2 A0 S8 K A AR AN,
R A SCARYE Thomas 28 AFIFFGIME TAE, X% LMD L ZRIRTERE, 5 RN IAIE

*E-mail: hzjiang@126.com;
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BEOCIE TR R 27 A AL, IX R IR AR T RO S, ot TR
(q)~ FHGEE (V) HIER(r UM BISEL, WMEREE(p) A HER(a). TR
()~ HIRE(C,) MEYER(T,) MBWIRIREL( T, )55 BrLL L2541, LMD B 2R
(1), HHEEEECh)MERE(0)FLZERE. £ 1 N EREEEREMN.
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Tab. 1 Dimension of physical quantities

Variables q \% N / h o A T:“ - TE) w P
Dimensions  MI’T? LT! L L L LT MLT3¢" 0 MT!' ML?
AL T, FRERMOENTRE 4 MR, e A, T T, rn, AREAR
TR EMICENIL, WX TEENSEON:

. Aq
_ 7 1
! TR, 1) @
y = 2)
(04
I = 3_l 3)
rB
p=l (4)
rB
* a)
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X ¢" ALENZE, v ALENAREE, T ATEENZE, B ALENAREE, o
NEENTERE, p NEENHEE, ANBOCRIBIE, n mRFIHZE. S
FA R TN 25 B0 4RI G ik FEE R et P8 T )~ 35048, AR R R A I P B AN
RIEE 1 Frs LMD SRR EE, 306 SRS 8] P AS A0 5T Bk [ 5T 508 no (R AR B RE, - 0
AR R EORE R E E E W RIRN Ag/no - AL & R KM RLIT 7 1 b RE &
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Fig. 1 Schematic illustration of melted zone geometry for LMD
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Fig.2 Dimensionless processing diagram for LMD-processed several alloy systems. Contours of constant E,
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are represented by dashed lines.



AR FEFOCTIZ q » FRERE v AR EE A R, BRI R BE =K,
R2Pw, RPFIH 7 IR S H U S RNE . IR 3 Fosi L, (34) 3547
IEAZ R, IR RSB INENRES] e, HAKTISHECHR[27]. SERHE M I HAR 24
[ 5E, HAOSPEEAS 2., 9 2mm, JZE14 0.8mm, ARBIERE o N 4.4g/min, BoH R
N 5.8L/min, PRYVILEIY 10L/min, FHEHRIEAIEAE R 91 HABZ A ek 900, A&
ST ENLZSH e Vv . B FCELENTZETMEEWE 3 fox, tHEHE

AR BIES HINR 4 BoR.
# 2 IEARKH ROk

Tab. 2 Factors and levels of the designed experiments

Factors
Levels « « *
a(4’) v(v) h(n)
1 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)
3 1500 W(8.29) 10 mm/s(1.10) 1.4 mm(1.4)

®3 Ly IEAZRAR
Table.3 Experiment layout using an Lo orthogonal array
Experiment No. Parameter level

laser power scanning velocity hatching space error
q(W) v(mm/s) h(mm) e

W N = W N = W N~
—_ W NN = W W N -

O 0 N N L A W N —
W W W NN N = = =

x4 Ti6AlAV BWITESHL

Tab. 4 Thermal-physical properties of Ti6Al4V

I I s A T A

0.3 9.09x%107° 3.5140.0127T 4220 412.7+0.1801T 1923 298
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Fig. 3 Dimensionless processing diagram showing the location of the experimental processing parameters

selected for LMD-processed Ti6AI4V in this study

Ti6AI4V PRSI /E LMD &4 AT, W& E2H 2kW ORLFBOLAS, 8 Milksh TR G
(6 HIHLEF A2 HARAIHL), JENIEB O E Sk DU & 2T 200ppm FIE TN T
FH . M R RL R S S5 B T e i R IRE I A5 1 TiI6AIdV ERTE R oK, K KR N
105~180pum, 22w 5 fvn. SEERHTR ARAE DZF-6020 B B2 1148 h i B 120°C+
i Sh Br2oKr, DAMRIEM R RUFEIaNITME . SEed A #0E TieAldvV 1EREM, R
120x120x 10mm’® , SEEGHTA 120 # WhARHT BEEAR M, I FH Bt A A A E DS IR AN e 7K S B
e, EESETERM T 120°CTE 30min J5 45 .

BWOCUTAR TieAldV SAH RSB K. TS, )5, SRA Kroll 7] (RF4Htt
HF:HNO;:H,0=1:2:8 ) BEATJE 1, JEH 15s J5 FlA/K QBB Y. SR VHX-5000 B35 5.5l
BT RE PO 2H 2R 3E AT W R 04, K Image Pro Plus B E AR 57 5 5 . Bl
FEMRAAE MH-6 B AR FETE BdkAT, InEEaT v 100g, CREUN AN 15s, BEAMFE SR —
J7IEIRE 400pm SKAE 10 NEE AU TGS 2B KR /MBS BCEIE . FAiie e
INSTRON 5967 ZUAEHAIEHL FidhAT, il BoR: X R 4, hifdh AR # 2R
5x10™*/s

£S5 Ti6AMV MR
Tab. 5 The chemical compositions of Ti6Al4V alloy used in this study
Element Ti Al v Fe C N o
Content
(Wt.%)

Bal. 6.28 4.01 0.029 0.018 0.01 0.06




(a) (b)

z (build direction)

| Ti6Al4V substrate 15 —
: 8 Unit: mm

K4 WOLUUR TieAI4V I8 KRR RS 7R B B (il & 75 (o) hrfiif e R
Fig. 4 Schematic of the preparation of LMD Ti6Al4V samples and dimension of tensile samples. (a)Preparation

method; (b)dimension of tensile samples
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KptE . TGN AR SR B AN, AR A 20 E R S S8 B G o Xt 12 PRy
FEJRIT s PR AR ] A T B ok ik PR A PP 2 o FERRE AL AR o, 8 PR > PR R
THTRTSREE, WASE BB AREUNT 1, BRI = A A, A R KK &=
(SRl A% E [ . X Ti6AV T, ALV AL Ti PRI BCAREEILT 1, UK
A PR A e 22, DRIt ] DX P 5 B AR, R0 SKEOYe bl TS5t i A o v A .2
FA R B 7 BURAZAL k5 MECLIE Al i, BRGS0 D18 56 e RO M 1ed% o
RIREER, TR b o
B 5(b)Fil(e) MIAFFAE S BT B HE— D IBOR R R ALZL (600 ) o HE(b) Ny
Ey =3 A9 AR IR, ATUAE Y, W14 B Ak BHT T AR . A AU o R
P EIRA L B () WIS B AL XS, AT BIE IR oA, IX A& i+ LMD
% TI6AI4V 1174 HIEARTTIE 7x10° K/s P, 2 MR AR A 2E 5 IR AR . Sl A
RARARAZI, BEAR S B A B A AR R I B RSB AR R, THGUIIRR, B — o MIFAESR
SeRE, A Z MG R T P
(110), — (0001), (15)

<>, »<1120>, (16)

NP ZH RN ERERR, BT T YIEB dhRbL N IEAS 1) o £ IR RZH 4,
51K 5(c)MEBIH LIS — 8. SCHR[311%F Ti6A14V JURR I FE A AN 7] 755 5 A 4 5 s ) 5%
FRIR, SR X SRR R IR GHA H 2 T IR AR FE DU R, TS Ik, BT
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5 VLA TieAl4V ALZTES. (@FRE: O)WEHL: (R Kk
Fig. 5 Optical micrograph of the as-printed Ti6Al4V sample. (a) Coarse columnar grains; (b)basket-weave
microstructure; (c)acicular o -martensite.

WA [F] L Z 1) A B AR SR T3, 48 H Image-Pro Plus 2R A4 XHAEIR & 56 FE #EA T I &
g 6 Fron . MIEHE SR, BECE NGB REE E, BRI, FR & S o8 R,
H5HHEE R —2, H SLM 4 1) Ti6AI4V AR A RO, X2 T Sk KT BV 41
ARG RTRAN, B AR SN B A T S 78 Hd 2B,
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Fig. 6 Columnar grain width of the as-printed Ti-6Al-4V samples at different E, values

7 RV =088 ANE Ey FHIADIR A TES,  BRADIR S 08 BEAR A& BRI, 1B
7(b) () HHId T I BT bW 55 3] e SRR PR A S B By K, K AU IS I, HAS IR
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Fig. 7 Optical micrograph of the as-printed Ti6AI4V samples at different E, values showing columnar grains.



(a) E,=2.18;(b) E,=2.34;(c) E,=3.93
32HEE

Tﬁﬁﬁ@(ﬁ)ﬁiﬁ%i&ﬁi%i%, NI, SRR SHORN TR IEZR,
FRe BT MNRER, WK 6 Fon. ARG IEACR AR 20 e RAER 6 T EILRIL, 1£)5
Z TR T UHE .

6 LMD FTED Ti6AI4V 1A [ 52 s
Tab. 6 Microhardness of Ti6Al4V samples manufactured by LMD

Factors

No. g y 2 E, Microhardness(HV)
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
5 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

77 7243 M (Analysis of Variance, ANOVA)& IEAZiRE 45 R (HFREE) % HEHE A B
Jr, X HFRR AT I Z A F AR UX 73 PR % /K T SRie g R 2 5. lE,
FAEMOR, XN R B E RS . ANOVA Wil w27 A1 SS,, BB £, J7
ZV, FAH, WFHE F, S EI7ES % CER[35). LR Ry H bRA8 Sk AT 77 2504,
LERWR T s

R RPAERER) 5 2T R
Tab. 7 ANOVA of HV

Parameter SS, f /4 F F, Significance
q 639.29 2 315.15 135.62 Fy(2,2)=99.01 ok
v 181.60 2 90.80 39.08 Fyo5(2,2)=19.0 *
n 125.18 2 62.59 26.93 *
e 4.65 2 2.32
Total 941.72 8

MR TSI REH, ¢ v R YRGS, AR SR E
TR g >v >h'e #S hHBREEREN 40430V, XR. govih AEKT, HE K
2.34(No.5).

K 8 o AREEERE Ey MR @S K, BEREAES E; THEON L 2 RIE E; 04 2.34 Al
3.64 FiA IR AA o B BB T AR RO AR R ABAG RS . BIA0TE ) BUNEE,
LA BRI OB AR BB LBR 22, S R A R I B B ) SR T LIS AR 74 B
STEERS R WO AR, AR TIEHE AT KPR PIRAE E; HOd R b = AR AOAR
RAFHIAR 354, W REXE L 1 18] 8 Hh R £y AL s
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Fig. 8 Effectof E, on microhardness

3.3 Ri{RiRIE

LMD A A TZ T UIARZS TiI6AI4V BN ) fie 2 il A sl il 4 SR sk 8 P
VU Ti6AWAV SRR 385 Al TA 962~1028MPa, AHLL T = 7.5%~14.9%, Zif it
et AT e H 2 O . X FERE BT LMD BB RR AT A A s R IR Sk
PR B A S IRAAEAR, 3R T AR, [ BEE HER U AR h AR AR R, SERTHIVTAR
JEUR P R RO, A T R R, AT T AR AR N I T A, AEAR T R
FERI RIS AR 7 —E RN . AR EN T ZRE SRRt TA, #47 LMD T.Z
SRR TE, FREMR %1685 Optomec 1) LENS REuHIE M) LG E AL (Hot
Isostatic Pressing, HIP)[FAK& AHLLAL T AR, X R BIRH AR M 75T T &S
B BoE B30 . K 9 i, 57 AR IAR(Electron Beam Melting, EBM)%5: 384 4 ffill it
BORBHANAL G 77 5 HIE K TicAl1dV FAFRIRLHTEREAEL, ASCRATLEN T ZRFST
SHHOER TR &R IATIGEE, ERHNE &R, B TEERE SR 6E
# 8 LMD-Ti6Al4V RFER FiR ST RE
Tab. 8 Tensile properties of LMD-processed Ti-6Al-4V samples at room temperature

Status of materials E, Usltt;::lagtgl(Tﬁ;:l)e S trenéltil(cll\/IPa) Elongation(%)
1.50(No.3) 962 898 133
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 study) 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
37
LENSE — 1002 899 11.8

(Optomec, HIP)
Forging — 895 828 10
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Fig. 9 A summary of yield strength versus elongation of Ti6Al4V samples produced by different methods,
including our work, SLM, LMD, EBM and conventionally manufactured(i.e., aged, cast and annealed)
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Fig. 10 Summary of tensile properties at different E; values
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Fig. 11 Defects observed inside the as-printed 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) provides an opportunity to generate complex-shaped
or customized parts that can be utilized for a variety of engineering applications. The ultimate
mechanical behavior of metallic parts is related to its thermal-history-dependent microstructure. In
order to control their microstructure and resultant mechanical properties, it is vital to understand
and predict their thermal history during the layer-wise manufacturing process. As a result, many
research efforts have focused on determining the effects of process parameters on microstructure
and mechanical properties of LMD parts. However, obtain optimal processing parameters for LMD
to achieve high performance parts is a tough challenge, since the quality of part is affected by many
parameters involved in the process. Systematic attempts to relate these parameters by characterizing
the underlying physical processes are few. In this paper, we propose a novel processing parameter
screening strategy with dimensionless processing diagram. Such a diagram defines a set of
appropriate operating regions for LMD via identified dimensionless groups of processing
parameters. The diagram provides a useful reference and methodology to aid in the selection of
appropriate processing parameters during the initial development stages.

Methods: To optimize processing parameters, we have used a combined approach of dimensionless
processing diagram and orthogonal design. First, several key dimensionless processing parameters
are derived from the consideration of the temperature field to describe the process of laser melting
deposition. Scattered processing parameters of different kinds of materials for laser melting
deposition taken from literatures are normalized against material thermophysical properties and are
presented on the dimensionless processing diagram. The diagram presents isopleths of normalized

equivalent energy density E, and provides general process windows for a range of alloys.

Orthogonal design is used to further narrow the processing window. The Ti6Al4V samples are
fabricated by LMD in a helium environment. The grain morphology is observed with digital optical
microscope (VHX-5000). Microhardness tests are carried out by MH-6 microhardness tester with
an applied load of 100g and dwell time of 15s. Analysis of variance (ANOVA) is used to evaluated

the effect of E, in different combination of laser power ¢, scanning velocity v and hatching
space /i on microhardness. Uniaxial tensile tests are carried out in Instron 5967 machine at the
strain rate of 5x104/s. The tests are repeated six times for each type of samples, which yield

standard error bars.

Results and discussion: The microstructure of the as-built Ti6Al4V alloy is prior- 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 (Fig.5).
The morphology of columnar grains is a function of the parameter-dependent solidification rate and
thermal gradients during solidification which makes the width of columnar grains tend to increase

with the increase of E, (Fig.6). The ANOVA shows that the effect of ¢ on the microhardness
of deposits is more clearly pronounced than that of v and #, and the maximum microhardness is

404.3 HV when E, =2.34 (Tab.7). The Ti6Al4V samples fabricated by LMD at the optimized

parameters ( £, =3.74) determined by the dimensionless processing diagram are defect-free with

ultimate tensile strength and elongation of 963MPa and 13.4% respectively (Fig.10). The
mechanical properties of the as-built Ti6Al4V samples are found to approach or surpass forgings
and the deposits after post-processing in literature (Tab.8). Undesirable microstructural aberrations
are found in the components including gas porosity and lack of fusion voids (Fig.11). Insufficient

heat input at a lower E, introduces incomplete fusion between the continuous layers and leads to

void formation. Excessive heat input at a higher £, makes the surface temperature exceed the

vaporisation temperature and gas pore forms.

Conclusions: To aim at the problem that the optimized processing parameters of LMD are too
complicated to obtain, an effective method is proposed by constructing dimensionless processing
diagram in this study. A group of dimensionless processing parameters applicable to LMD have
been defined, and a dimensionless processing diagram has been constructed based on the parameter
data available in the literature. The practicability of the dimensionless processing diagram has been
proved experimentally for LMD of Ti6Al4V. The optical micrographs show that the prior-f3
columnar grain morphologies of the as-deposited samples are a function of E, . High value of E,
leads to 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 lower cooling rate resulting in coarse
microstructure. By the experimental design of orthogonal array and ANOVA, the significance of
processing parameters related to microhardness of LMD Ti6Al4V is g>v>h. The lack of fusion voids

and gas pore are strongly affected by £, , and these defects in turn affect mechanical property. The

ductility of the as-built samples is compromised at lower value of £, , however, by the presence of
irregular lack of fusion voids, in spite of having comparable tensile strength with those samples at

higher value of Ej . The yield strength, ultimate strength and elongation reach a maximum value

of 890 MPa, 963 MPa and 13.4% at the value of E, =3.74, which exceed the forgings standard

and close to those fabricated by additive manufacturing reported in literature.It is shown that high
performance parts are obtained owing to the dimensionless processing diagram constructed in this
study which effectively narrows the processing window.
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