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W OE: ARG E (ESMs) BA R H /A thse AL R fph doB se et EdTH T Am. FHE
G A MR 3 i X DU 25 1 R RS To sk B B 1 o ACHIT T ) ) 46 29 1 B2 6 rE AR S5 AL A BOR il 25ty Ti-Zr-Ta SIS & &8
K, BEBICEBUI (LMD) HR$#% 1 Ti-Zr-Ta & @B A ESMs, FExT AL . g2 M ae Ao o B A A4 1k 1k
ITHTIC. SR, FIH LMD $OR AT 928l Ti-Zr-Ta Mk &R 2 ESMs BRI, #EBUREET 98.75%, AAR
LFR sk RE, HHER S PUR R A B 1202 MPa. sRIEMRIRES ALY, £ 1202 mis P did T, BoteRITR
Ti-Zr-Ta & & AE 27 L % A¥EFE N AT =4 0.144 MPa INTERF S B /), BReRr R R .
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& e 45 ¥ ¥ Bl (energetic structural materials ,
ESMs) A& — e FLRE i R i R 45 ) o 155 10 7 22 T i
MR, A PR TR R e, HEWRREET
SREGERI R, i R A6 R S T S PR SR (4L 2
R, PR R R AR E RS, RO K E SRR,
FH 2 RE 45 F A BB DA 51 30 10 4 1 3 A G e
YiR) BN SRS S, T RO e S84 oo m] SE R H
PRI S 1 5 A BV T, DR MR B i % S 3 1 5%
iy

B Tiv V. Zr. Nb. Hf fl Ta S48 70 2 4
IS AT EASEE. &on ARl SR
MR YT AR ALY RRSE MM L R OR. E BR
K 1 R A BA B IR H K e i & T & e
gERA R RAR, SRR ARk, BB TR
¥ TiZrHfTa. TiZrNbTa. TiZrNbV. TiZrTa 252 fifk
ZAMEM 4B ESMSETY, TiZrHfTagss & 4 IR A Ht
JE 5 P55 T AR T 2 4y )ik B 1314 MPa il 13.5%, 1
BOE AR K P R B B BB R I R,
TiZrNbTa & & W 2 5oL R 0 )k ae, HuEs &
P 58 AN K AR T 2 43 il A 2] 1361 MPa A1l 18.5%,
PL#) 1200 m/s yhdi el B g iy 27 L %5 PA R AR = AR 1
HE A S ik 3] 0.18 MPa, b B BE4S Ik 1 7L
TiZrNbV £ 4 7E i AR Z Nk T R I H B 2 10 LA 4k,
PR, NARFA 3340 s i i SR HE T & 1845 MPa,
LA 1570 mi/s Fi ol #LAE I AT 72 2E 0.17 MPa #2431 /91,

ks HEA: 2022-09-15
HEWME: ERARRAESE (11972372, U20A20231)

B bRk R AN, ok 3 S PR FeNiMow I
FeNiCoCr 2 PHE s & 4 I b i B RERF MR EAT BEIE, 45
FIE B 2 IR T & 4 4 on BAR K AR 24 E , FeNiMoW F
FeNiCoCr &4 %3 %I LA 1692 A1 1707 m/s $if 7 55 41 #E 44
KX 4 0.014 F1.0.08 MPa I8 IEIE(E, BRI S
R oe BB TG 2 A I A RAR LL R BUOR 28R .

DA B F0AE W 3 4 4 08 B ESMs B 7 1) 0 2
PEBE R BE B RECREPE, B AT 32 R IR B I T R
B8, BT AR SR T RIS ZERBA, @
b I M 1 () T VR DA SE B RS R, 8 5 7 A
M A FLEEGR G, XA 40 7 % 1 R AR e 52 4
KW, GG HHE TEAR, BotsBui (aser
metal deposition, LMD) AR —Fh B 2 ik T 204,
FCE H R R BR OGNS 4 8 JEURL 58 A I K 9T 8 E R
HAE—#, Al TR B SR A R RS L
TR A A B i Y, LMD R4 Sk ek )2
T RS & 4 10145 0 T . Dobbelstein ZM3149 Yk
ETRA LMD BRI MEIE G4, s aid ok
KIGEAL G A 7 0 25— R 50 R H T & iRk
MoNbTaW A TiZrNbHfTa %5 X5 & 4 . # % 0
MoNbTaW & 4 Re7E il F ORFFE & 0 8 RS /g, {3
TERAR A H P2 T RE, I Ho &R A fE i 7 1n)
EAEE 2 R N R A S Mt KR TR A A AN AT 1
i B, Dobbelstein %5 M3k By 7 % I8 T 98 1k 82 98 (1)
TiZrNbHfTa &4, FHRHAVIBUNERE ) LMD 3% i
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AT, B E S 0 Rk o6 K R R AT I AR DT
R, ARG TEAN IR (147 L T R AH (5] 2 H0hk i 0 0f
Al — VIR AT Y S E G, Bl & 7R @G 77
by 5] BRI SEIN A IR 7 EE IS TiZrNbHfTa & 46 .

Wang 2SI (5 By [R5 X 4R A AR A 4T
SRAEBAR, BFFE T MoNDTIV /s & 475 LMD &
AR 4 Fh Al 25 oK R Rk 1 FE R R AL & 4 Ak
AERSEm, 25 R Ti A1 Nb Ky oRKAE 4 ok K i
N E N R B, XS AR MKAA, P
BPRLAR A% BE ) PR TR O, e 2851 A 4 4 A
S HAI ST . Li SO0 5 R 35 A E I v A
Y4 B YT A H1 4% NoMoTa Mids & 4, IF x4 4145
AT 6P, S5 R RN B T AR E R, LMD
il 2 1 G SR RST RN, A GO AT BE I, B 4
A P EEBRR AR 20 2, T A I Rl 4%
1A 4 ik P S B SR R R RDIR T 24 . Ren 511K
LMD # A il 4% Ti-6.5A1-3.5Mo0-1.5Zr-0.3Si &4, M%<
BG4 E WY S B 55 2 A UOARZE ORFE R
Fs &S T A A AR Y TR B T P O BB B K
S, BB TR IR

LMD T 203 8 o 225Kk oK 5 kLB A & 3&E i 3l
FEME, DL R G 3R I 21 BOR B v 3 e e e
BRI R B BB B M R A B, (HA T
JEEASE A 4 11 4 2 e A oA A A AL AR A %) AN R T
AR, DR S P 55 A 3 R 425 1 AR R A 92 o) 4 BR T
M A Gk oK . Yang MR L S B AL T 2 S 50
% H BRI NigCryWFeoTi & &8 K, 4L/ JFi N 3.5 MPa
MRS, AR A 300~320 m/s, MEKAE N 1.0~
1.2 kg/min, Park %500y S it 31048 A gMs L A
FER B 5 1) 4% A WL A TR 30 1Y) WTaMoNbV 4 4%
K, SRIEA IS B BRI A FEAF FRIAR dso N 45.1 um
IR WTaMoNbV & .

FALE T8 B FARERA, Fhh L BN ffE,
TR, Wik, A0 7CES S 7 e s il ®
kT de il % Ti-Zr-Ta &M A, MEXH LMD £
Kl 26 Ti-Zr-Ta &4, & SRHSNE RIS
JIEEERE,  FFRE F b B R RV EAT B AT

1 % W

R AR Ti-Zr-Ta & &M IF1ENE
FERAR,  HHVE 2 B A R RN AT R 2w A T i
e F AL 43RS Ti-Zr-Ta S8 K. R F R
f2 )% RC-LDM4030 AUEOL & B IR R4 58 & & 1)
AR, OB Bkh o2 2000 W, EBEE4E 0.4 mm,
R A I (R A 0 %, MR OA 5 g/min, B 4

FRIE G AR N AT .

K H Rigaku SmartLab % X #+£&fi7 511X (XRD)
ST AR . R TESCAN MAIA4 B3k
SHEHE T B (SEMD) MEEH R K & & TR M
ML, RS & SM AR TR AR, R
F WDW-100 2 #1- J5 Re R BT A 4 1 v i A i o
PERE, PAREEAPRMERES, INEGE2 N 0.5 mm/min.
BeAh, A& M R ET 12.7 mm D2 FRIE
WRIGHEAT IR, Lo B IR EWE 1 iR, &4H
FR N @10 mmx10 mm, 7EFEMIRE) R, #ALE
g o AR R AR . BEAE A 7 1A U X A DL
LR, R SRR P10 A B 1 A A
PR U, IF % & 4 1R BB PR AT AT A

2 HR5WR

2.1 Ti-Zr-Ta &E&EMARRIE

K58 T e R E AR % T Ti-Zr-Ta &4
AR, BARB (R T 70 %) N Ti 69.34%, Zr 20.95%,
Ta9.70%. K 2 K Ti-Zr-Ta & & K IES & EDS JC
REAEN . ATULE S|, 2587 e ik 25 i il
HI KRB B, M, PHIRLEEAE 100 pm /2
i, BEMARITTES ML, TTRHEMS B EEA
— 0o By A 1 1 BRIE B RO A% TR WL 43 A 8 Bl 4 [R] £ E
T R oK R R (R R Bh T AT M R o2
2.2 Ti-Zr-Ta 8 MYHERALEW D

Kl 3a AR LMD il Ti-zr-Ta 5 &8 A, &
W RO Kb 3 R R BE FE, R FH B R A HE KR 1 A
&N 6.12 glem®, FUE L F] 98.75%, FASII
B A . B 3b & ki ¥ BSE M & EDS 4y
MR, TUEHESPAEHENERESRT, &
R Y D7 HE BT 7 SR O AE 8 AR R I BE T R LR
A, A S AFE LY B . EDS SR ER, &
S H RS 5 JE R R I AR — 2 & 3¢ N E 41 XRD
BIE, 7 30 VT AL 45 5 s & 44 bee+hep XA 45
o Tiv Zr Ml Ta o E 2 18], Tiv Zr Z [RIRE R 0,
&F Ta. Zr M Ta. Ti ZEERSBES. BT
Ti 1 Zr B IR 45 hep, ANET Ta i bee 4544,

Observation
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Fig.1 Schematic diagram of setups for the ballistic experiment
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2 Ti-Zr-Ta &4 KM SEM 51 & EDS JUEK I 4 A
Fig.2 SEM morphology (a) and EDS element mappings (b-d) of Ti-Zr-Ta alloy powders
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Fig.3 Photograph (a), BSE image and EDS analysis results (b), XRD pattern (c) and EDS results of arrow marked regions (d) of Ti-Zr-Ta alloy

RERE G SERCPARRES THlm TR Ti. Zr &4
XA Ta &HEX, FAESREAER T E 3d sz
& Tiv Zr [ hep MIAIR 4 'F Ta 1) bee .
2.3 Ti-Zr-TasEWhE MR

TREGE MM R R R R R AN, BT B — IR
FEF AT 68 T, DA OR FLAE SRS 2R AT 78
R sEREME . B 4 NiE OSSR Ti-Zr-Ta
JEERRAE 14 R0 FHIBO6 6 8 PR 2% 1) Ti-Zr-Ta B4 1)
HEFR A R AN g -RAF #T 28, 2 Fp L2 BT & S R #
A, ALV EE EAH LMD # 4 1 Ti-Zr-Ta &4 58
FE BB VE AR T e J7 356 BORSE T, Fobi o o FE A0 7 2R
AR 4y ik F] 1202 MPa I 5.3%. Wi 104> T K B,
LMD il % £ 4 b iy 0 28 10 S 80 0 B 5a Bk,
SRR IR, HEMH RS R G S
T EATWE IS, (AW 8 E AR /N N RS 4
5 (B 5b) , HAESA - EMBHEERGRT, X5
P ZBAR T A
2.4 Ti-Zr-Ta B& R EREESE

I FH 58 T8 B S0 B TT T A 4 i o o R R R
Ti-Zr-Ta & < # 0 77 52 e JFf s SR AR S A2 #E 58 A T
BRIz, SRS 5 RRAR P R A A O e A R

FURTRARE SR, 3755 5% o R BB B KO, OB
FETSU FA B AF AR N SR BRI IR, A T AR e R
SRMIAERRAS TR S, I 0 BEA &0 2 SR = 1) A BE A6 5
RN, N 6a fios. Kl 6b 2 Ti-Zr-Ta &4
PL 1017, 1114. 1202 m/s Fl4E Gi 15 M 45 kg #4 Bl 20 # 47
L 1208 m/s fi i %5 PSR AR 5 T2 B0 HE RS R 77 26
Ti-Zr-Ta & 47 A2 (1 Fs 77 U i i 43 o 3o 8 1) 32 7 1T 1
B, 7E 1202 m/s [ 4 7 38 B T 7 AR B HE R AS IR DU AE
5% 0.144 MPa, JxRiHFSERS A1) 350 ms. AHLLZ
T, 20880 [FFE LA 1208 m/s fi 7 $EF6 1= 42 0.032 MPa
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—— Electron beam melting
—— Laser metal deposition
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Quasi-static tensile stress-strain curves of Ti-Zr-Ta alloy
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Bl 5 LMD #il4% Ti-Zr-Ta & 4RI O SEM 5
Fig.5 SEM morphologies of tensile fracture of Ti-Zr-Ta alloy
prepared by LMD: (a) intergranular fracture and
(b) dimples

0.16
0.14}
0.12
&
E 0.10
£ 0.08
2
$ 0.06
[a 9
0.04
awf\\\
000 1 1 1 1
0 50 100 150 200 250 300 350
Time/ms

—— 1208 m/s 20# steel
— 1017 m/s
— 1114 m/s
—— 1202 m/s

K 6 Ti-Zr-Ta & 490 M. e s 38 o5 R
TR 45 T 77 i 2%

Fig.6 Photograph of impact reaction process (a) and quasi-static

RETL 5 AN s B RE 7 A 1)

pressure curves (b) of Ti-Zr-Ta alloy projectile

IR T 7, HLE 0 R 8 IR 0 100 ms, PR T BL
VLT e R B TC R AL Ti-Zr-Ta &5 REZ5 A AR
JEBLH AL 57 BB R

PRy B AR B B 2 B ESMs BERERUR I
HEbRAE ol T 30O T 5 RO NS L B AR D,
I HLasb o o S I ) AR R, 3 e N 55 LT H ) S L7 )
A RBEANTE DR R S BT AR 4 A S, G

JIVEAE T TS H SR LT R B ) R B R R (E) . AR
Ames 2 NPT, #iRL SR 5T R I R R ISR (E)

557 ) R A TR VAL
E-aP—Y 1)

(y —Dm

X, AP RUEFAS K EME: Vv RHAEHAER, N
0.027 m% y & MMM T RG] R, N 1.4
m ALK E. £ 18 Ti-Zr-Ta &4 LR R
FE P AR A e R A TR RN PR T R e R R, Ti-Zr-Ta
B 4 B B R i R ) R B e o 3 P R T T
BN, e 1202 m/s Bk #) 2.02 k/g,  7E 720K
T SIAE B ERE BRI ER K TiZrNbTa
HMEN 42 J8 T ESMs AH L (1.71 kd/g) 3 H i R4 7+,
KR EEHTIHYRKESE N S RERETE
Ti Zr & & W T3 T A & 50 o B 10 R R R R
NWEFE Ti-Zr-Ta 4 & 76 vh i B e 72 Hh 1 R RE AL
i, X 1202 m/s 4 7 38 5 R PR AR BSOS PRI B R AT
T 4T o B 7a IR B AN TR RSE SR R
15 & 43 A B, FeHoRi AR /N T 0.3 mm R B 1 5 E AR
A BT 1Y) 5.98%, Ui BAE 1202 m/s i o
BEMBERERERMI, X588 & - CEEAE
TEREIIE Ko B T AN A RS I P2 w8 (¥ XRD
B3, AT LLA HUORLAS /N T 0.3 mm S0P 0 A 3 i
TiO, ZrO, Fl TaO, 25 EAL WAL i, o W B A & i 42
AT S I . JF B S P28 e R oK, Sk
PIRIAT Gt 0 i B R AIG, [RIF7E XRD B I A K
IS O AT S 0 L, I U I A A R R T AR S

A AR R RO
Bl 7c~7e 43 5kt oL 3 ik ok 7 Ak 3 S04 3 AN )R
f (<0.3mm. 0.3~1mm. >1mm) SR N AYIHEE A
¥y BSE . MEHATLLEH, B 7c BiamRF
F 0.3 mm [ TR AR RBUNERIE, X & T 15
e R o R R AR A A PR A I OB 4 I
HEME S (51600 T, MIAE I/ R 540 5
HE [ T R ER I B4 (BB R R ST IR R, B

F1 Ti-Zr-TaGEFEAEEE TEERERSE BN
RERERKE
Table 1 Quasi-static pressure and energy release rate of

Ti-Zr-Ta alloy at different impact velocities

Velocity/ Pressure/ Mass/ Energy release
ms’t MPa g rate/kJ g
1202 0.144 4.81 2.02
1114 0.119 4.80 1.67

1017 0.093 4.82 1.30
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Fig.7 Particle size distribution (a), XRD pattern (b) and BSE images of the reaction products with particles sizes of < 0.3 mm (c), 0.3-1.0 mm (d),

and >1.0 mm (e)
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AR VAE R R 1 A S 18 AL . 3G O Rl 2 7 1 32
LR A G e AR AR I, TR = R
NERTMA, SR MEMBEMTED, Bk
ISR RE SE MR 2L, T R R i AU T RO
B Jin v wfE VA 58 4x AL RE RE L 3K U P e O 4 o I
Ti-Zr-Ta & & M BIRAT 9o 2 35 50 i L e SR TBURS A
11165 < A BB AT D 5 R R I 3l 25 70 24k R DDA 5
FERLAEBURTE 3 v Y=l Y P S =B v L U R
¥ b o B e 1

3 & it

1) i#id LMD HAR il % 7 B bee F1 hep XX
FHEERI I Ti-Zr-Ta MG & B S Re i b b, BU%
k3] 98.75%, JEASLIBUHE M RAL, &EMHEES T
iz 558 F5£ R T 2R 8 AR 43 Sl IS #1 1202 MPa il 5.3%, 4R A
J1EVERE R AT .

2) f£ 1202 m/s WfEEHEE T, BOLEE IR
Ti-Zr-Ta &4 1E 27 L % WHEFE A AT ™4 0.144 MPa (1)
HEFRAS IR 77, B0 B RE R i E A B 2.02 KIlg, TE
) 5 2% A T 1A% G 1 A A RE DA A M I 4 e Y
ESMs J& Bt 58 g £ S 1) v o B e R
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Impact Initiated Energy Release Characteristics of Ti-Zr-Ta Alloy Prepared by Laser
Metal Deposition

Liu Zeren, Zhao Kongxun, Tang Yu, Li Shun, Zhang Zhouran, Zhu Li’an, Ye Yicong, Bai Shuxin
(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract: Refractory metal energetic structural materials (ESMs) have good mechanical properties and excellent impact initiated energy
release characteristics. However, due to the high melting point of refractory elements, it is difficult to fabricate large size defect-free
castings by traditional methods of melting and casting. In this paper, Ti-Zr-Ta refractory alloy powders were prepared by plasma rotating
electrode processing technology, and Ti-Zr-Ta refractory metal ESMs was prepared by laser metal deposition (LMD) technology. The
microstructure, mechanical properties and impact initiated energy release characteristics of Ti-Zr-Ta refractory metal ESMs were studied.
The results show that the densification of Ti-Zr-Ta refractory metal ESMs can be achieved by LMD technology and the density of alloy
reaches 98.75%. The alloy has good mechanical properties, the quasi-static tensile stress reaches 1202 MPa. Ballistic gun experiments
imply that Ti-Zr-Ta alloy prepared by laser metal deposition can generate quasi-static pressure of 0.144 MPa in 27 L airtight target chamber
at the impact velocity of 1202 m/s, which reveals excellent energy release characteristics.

Key words: laser metal deposition; refractory metal; energetic structural materials; impact initiated energy release characteristics
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