BREERMBS IR

RARE METAL MATERIALS AND ENGINEERING

W47 % 57
2018 4 7H

Vol.47, No.7
July 2018

Bk SR FN PG AT BB IE A H)IE TC4 SLE =&
23R FNLH By 52 )

LikP 2, A RERC ARG, kE%?
(1. EMFEATIHT, Wk A% 050000)
2. MR, Wk A K 050003)
(3. dbxtEE T R%%, 4kt 100081)

B OE. HLK A HDR G B0 0 R I A i TC4 A G 0 5 B B, iR g SR T, SRR () ik o
IR RGN RRIE T 24, IR S RIea T, ST T S AR ST B TCA £ 40 SR AL 2L 5 i
SEULFE . B PR, R 5 S B, BER RS RGN, B kLt RRR A S S A, I B 341,
1 o M BFAN: PR AE R TS5, AWK 95, B2 '3 o MR, WREN S8 th
PSR RS v, BB ST I I N R B BN T JACRAR O o 4% e i 5 RE R A A B BRAIR SRR, A
FHOMIEAZ R, P v AN A A R ARIR B R B, DRIML R 8 SRAT Sl o o AR SR 5 B2 5 AAR I v HURBE A OG, PR F
BRI A HE S, 414k o A1

XEIA: BRI ENE: Bom R A TC4: SRk

PENEDES: TG146.23 XERFRIRAD: A XEHS: 1002-185X(2018)07-2144-07

B < B A e b o BE AL S R IS b, )
FA T R B A i 5 o (E, B ek 4
SPRETE L R, R AR S8 R BB A LI T 7
P IBERINE A AT (KGR RSN 7 S IDEE B X (NN 257 3
P22 S o HAMA TBIE BRSSO T 2%
WA, HOR A v B SO BR A5 of A BR 22 A1 AT 35
JRIEAC/ BRI HERL, SEOLBR & G A il e, ORI
P T IB R . SRR %, BRIKT AP

R 326 (00 BEAN [R], BILAT 10 < s 18 64 1 e AR
LRI LU WO TR K 3 28, A EE A 2 250
PGSR, A 3 B AT RORR T o
FEBR L WA AR A . (H2, IR ACK, fiE
SO N 73 G T SR IR A 3 OB R < AT
R 2E, I BRI AR WIS, el T il b
JESE B ARIAMEAE, RIFRTEA, 3™ E
BRI, BRI 2 R Shdi il g kLR
~F AR RS SR AR, ARG IR HLR T R 1K
WE5E, BlandE TC4 Gt c®, M1
SR, DLR R R SR A e R LA, AN ok
BRI AT S, SR e TR L AR T DA AL K
HIEIN T W AR, FRAR T OB R

i HEA: 2017-07-18

HEWB: FARWF (01060203); FHFR ARE2AFE4 (51505033)

A G F IR B b, SR AT I fL IR AN e 3R A
RUFM RS, EReab ik . B. Mehdi %!
WFST T ELIR A K F R B TCA 5 S5 X 2 T AL
20, SR, SRR T LAt g odekn, JF H
B ok b AR 3G T, S8 ok RO B2 98y o SR AR
R 4 53 o, F. Wang 25U AT AL AL Antonysamy!'?!
S ST 5~25 Hz J 5~50 Hz J% (f) TC4 FF, K
LR ok ph AR AR B AR AR ST B B2 e, (H
fis )BT X 50 Hzo LA bk e A% Jg IF 1 — 20 i) T
Fo G140, WIBIRAE B TE M AL 25 S N\ 5 DA
ORI g3, Lin AU i 8 45 kb R 1 A B R
S, ZBRERBRACIE I A, RIL B SR
o KL TE S BEAT Fui N B O I T 2 AR AL
R, AWFFHLEH 0.5~5000 Hz Rk A FUAS [H]
AR FET N BT B 22 AR, ISk e A A R N
X TIG HLURIE A il TC4 TE 3R S 2L 5%

1 £ I

AR K FH AR & TC4 BRk& 4k, N~F2h 150
mm %150 mmx5 mm, i 56 77 56 0 o AURCET B s B4 AL
B, MEMBEAETES L. WRIGR, SR BT

TEBEN: SIRE, Y, 1966 F4, WL, §F5C 50, ZEMBARBIFUT, Mk A KT 050000, Hi1E: 0311-87974128, E-mail: mazs@vip.163.com



557 W

S PRASEE Ik AR MR A0 EIS A4 i iE TC4 BR & TR ALZUR S

° 2145 -

BB R B G 22 M (AR 1.2 mm), JFf 4
Tl R GENHE A W T (R IZ 8, MITAE AR |18
JE VB 3 4 R S AR A . AR I T B 5 A N
Fik b AR K L S 1 )3 TC4 A & TR 4L2U 5%
W, MOBE T A AR RN 2 415, JEH
0.5~5000 Hz [k PPATH . 1% 2238 5 (WFS). IR H 5)
HWE(TS) S LESHMRFF—3 (RS HINR D, #
AN B FRAE 7039 G0 2% 5 A EAT

TS 2 EARFE TR R 5 5 8 i 26 D) F) SR B AL
BPAT T UUAR D ) A T UORR T ) R o R ik
Ji SEHEAT T SR AU Y, R 5 HEAT FR A SO (DG
HCLO4 60 mL. CH;0H 390 mL. C,H¢0, 350 mL) Flfk
pE i i : HE 2 mL. HNO; 6 mL. H,O 90 mL).
FEPE, RADGS AR 2, IR Image
TR 5 7 RS R0 R RS o S AL 2R Leica
DM4000M optical microscope i i 5 W

SRR NI K PR A AL, AR
ABAQUS #AFHLALL T i N (182 kI/m) FIMI#diir A\
(72 kJ/m) RIEI R E I = e BROCA R K A%
Ryl 1 froR, BRI R, EE T I )
12 AT 00T, R AR S A% AR m k- S, 3L
o, 2 PR N A R T P B R v B E R 1
PIEF B RE 2 VA HI ) 55 2 50 5 R0 R — B
P B T XUMERIAGEAEAY, B Dflux FREFSCIL, 45
B SR TCEABRNE EHER OB R . teah, FRAE
RIGFRES, SRS E RN R SRS R BUE
AECAUL o A P P A A 5 R e A T U P e A4
Wit DURIED ELES R T 5E k.

2 HREWR

2.1 EMFEIR

BB 2 R B R T, BT GE R
B A AL, TRE R T 52 00 LR ™ T (Y SR TH B
DU R (1 5 R I, 38 5 B R IR AR T 40 3 AN X I,
WK 2a fic. X A A AR, X
BB A C FFEE I D) 2B, AT R g K B BE AR R R
i lE CTW), DXk A 158 BERR A A 2058 B (EWD, TW
FEW T 38948 0 735 56 BE(AW), 117 4 2 i T 550
PR O T B0 AR, T AN U
2b JE 7R T AN [R] I A R B N S E R R I B3
% A FE ISP 58

Pl 3 g 0 VG 11 2 IR AT PR, oy AV N T B8
AR LT 2 AR IS, R R R EAT T
. G, B 3h AT 31 AR H B T A,
DAL, AR B e e T — s AR R T 35 LT S
i, SECTW B, EW /N, (HE AW IE, BE
HRK B A o I 2b ] DL Y, B ko T
PR AW SE 2 PRECT B, BEJSBSE N, m A
WFER) AW ZE 8] 5K TR NI FE ) AW . BURE 1Y
v P T I I RS e, ko e SRR R 1) 3 1)
AR R R T B 4 RoR . IR E R B, ol
TR, BB F SRS E .
A& B sz 2Rk I IERH, SRS s« b
(sl 4a). BfAE HEI R IRAE AL AR D WA, VN H
IR 3T, RS A A G 2 U s L,
TR TR, RIK D REBCF B, MR 2N E
DR SIK g e Jek I i 52 (R SR TR K T B, S I g
PR AN (& 4b). o SEH N i B 2 A i i
W2k, SRR, N k40,

=1 RIEMHERESH

Table 1 Deposition parameters of arc additive manufacturing

Peak current/A Base current Peak time .- vrs/ Pulse Gas flow
. . vwrs/cm-min .1 .l
Low heat input  High heat input ratio/% ratio/% mm-min frequency/Hz rate/L-min
150 80 10 30 120 200 0.5~5000 20

75 mm
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Fig.1 3-D thermal model and finite element mesh
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Fig.2 Width of multi-layer walls: (a) measuring method and (b) the variation of average wall widths (AW)
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Fig.3 Cross section images of walls deposited with the heat input of 72 kJ/m (a~f), 182 kJ/m (g~1) (the pulse frequency is corresponding
to Fig.2b): (a, g) 0.5 Hz; (b, h) 5 Hz, (c, i) 25 Hz; (d, j) 100 Hz; (e, k) 1000 Hz; (f, 1) 5000 Hz
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Fig.4 Schematic of molten pool formation in pulsed arc additive
manufacturing: (a) formation of droplet, (b) droplet

transition, and (c) expansion of molten pool
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Fig.5 p grain morphologies of walls deposited with different parameters: (a) 72 kJ/m, 5 Hz; (b) 72 kJ/m, 25 Hz; (c¢) 72 kJ/m, 100 Hz;
(d) 72 kJ/m, 5000 Hz; (e) 182 kJ/m, 0.5 Hz; (f) 182 kJ/m, 5 Hz; (g) 182 kJ/m, 25 Hz; (h) 182 kJ/m, 5000 Hz
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Table 2 Thermal gradient and solidification velocity of

different points in the molten pool

Point Thermal gradient, G/ Solidification velocity,

number cms” R/K-cm™
A 1369.8 0.1184
B 2215.0 0.0903
C 3078.2 0.0877
D 846.8 0.1289
E 1449.4 0.1080
F 2015.2 0.0916
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Fig.6 Predicted Ti-6Al1-4V alloy grain morphology with different

heat inputs
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Fig.7 Temperature field of multilayer walls with different heat
inputs: (a) 72 kJ/m and (b) 182 kJ/m
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Fig.8 Microstructures of walls deposited with different parameters: (a) 72 kJ/m, 5 Hz; (b) 72 kJ/m, 5000 Hz; (c) 182 kJ/m, 5 Hz;

(d) 182 kJ/m, 5000 Hz
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Influence of Pulse Frequency and Heat Input on Macrostructure and Microstructure of
TC4 Titanium Alloy by Arc Additive Manufacturing

Ma Zhenshu'?, Chen Guangsen'?, Wu Qianru’, Liu Changmeng®, Zhang Yunfeng 2
(1. Ordnance Technology Institute, Shijiazhuang 050000, China)
(2. Ordnance Engineering College, Shijiazhuang 050003, China)
(3. Beijing Institute of Technology, Beijing 100081, China)

Abstract: The anisotropy caused by columnar f grains are main challenges in arc additive manufacturing of Ti-6A1-4V alloy. In order to
handle these issues, multilayer walls were deposited with different pulse frequencies and heat inputs. Combined with finite element
analysis, the influence of pulse frequency and heat input on macrostructure and microstructure of deposited Ti-6Al1-4V alloy were
investigated. The results indicate that with the increase of pulse frequency, the widths of deposited walls decrease rapidly at first, and then
increase slightly; The columnar £ grains transform from columnar into equiaxed f grains and are refined, but a phases have no obvious
variation. Increasing heat input is beneficial to obtaining equiaxed f grains, but the wall width increases and a phases become coarser. The
width of the specimen is determined by the dimension of the molten pool, which is influenced by the average heat input and the input heat
in peak time period. Improving pulse frequency can break the dendrites and reduce the temperature gradient, which is conducive to
increasing the nucleation rate. Besides, higher heat input can reduce the temperature gradient as well. Therefore, equiaxed f grains are
formed with the increase of pulse frequency and heat input. The morphology of a phases is mainly associated with the cooling rate.
Reducing heat input can increase cooling rate and refine a phases.

Key words: additive manufacturing; pulse frequency; heat input; Ti-6Al-4V; grain refinement
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