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FIF Pandat #AitH ZrTiNI =08 4HE. BT
CALPHAD #7545, 4% 900°C. 950°C. 1000°CfE
JEFRREE, L= 0~100%EE /K B 45 b 9 s va
B, 2 HT ZrTiNG =06 4 AR 2H i B0t B I FE T PR
X, PAHORAE TGRS ZeTiNi 7R R T
BEJG, RAFZGHOHAL (TG-DSC) WAL RA
MAREFR SRR R BRI, #5648k
EITE, MEWEAERSE 1100°C, FHE#EE A
10°C/min, WIS FNE S -

KM RIB S BB T 2R % ZiTiNi & RER R
Btds, St BT R A4 REA Ze K CRLEE 7~8um, 417 99.9%,
PRI AR IR A F)), Tiky CRIEE 9~11um, 4
99.9%, FRINIHVEHTIBLA R A FDD, Ni#y CRLEE 3~4um,
4i1F 99.9%, FRUEERE HAERAFD, HIEMGHS W E
1 Fime VL EJFRISERBEIR A2, BREBTZS508:
FETR 100rpm, BREHEL 1. 4, BRESIF(A] 6h, BRESIAER
AR LB e KA. BRBERE, HRE
HIEIH ZeTiNi # R BE T R BRI RSZ, BERTRNE
eI TR BUE A, RS IR 950°C, E
ZE<10Pa, {RIENTE] 1h, FEXFAEIEE] ZTiNI 54
Hefk.

Fig.1 SEM morphologies of raw powders: (a) Ni, (b) Zr, and (c) Ti
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Fig.2 Ballistic gun experimental device
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Table 1 Ingredient ratio of ZrTiNi

! Tr:jeoretical Content
Alloy system ensi
4 (g Cmt-g,) Zr Ti Ni
L 57.41at%  23.43at%  19.16at%
ZryoTisNiss  6.36g €m™®
70wt% 15wi% 15wi%
o 69.83at%  16.64at%  13.53at%
ZrgoTiwNin  6.41g em™®
80wt% 10wt% 10wt%
L 83.92at% 8.84at% 7.24at%
ZrooTisNis  6.46g €m?3
90wt% 5wt% 5wt%

WANEESRE Y, MET Ti. zZr Hit, Ni =T
WA X RS2 e A2 . P 3 W%, ZrTiNi R IR A
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Fig.3 Phase diagrams of ZrTiNi ternary alloy at 900°C, 950°C and 1000°C
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Fig.4 DSC curves of ZrTiNi mixed powders
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Fig.5 Macroscopic morphology photos of (a) Zr, Ti;gNiys (b) Zrg,Tiy Niy, and (c) ZrgTigNig; Metallographic iamges of (d) Zr,Ti Ni ()
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B Ni-Zr(Ti)2, FREH THEHH Ti TR S AR,
4 LA Zr(Ti) T RAFLE
®2 ZrTiNi AERIREE
Table 2 EDS datas of ZrTiNi aollys

Content(wt%) / (at%)

é\
K

Region -
Zr Ti Ni
I 80.03/67.05 19.05/30.75 0.92/0.8
I 60.73/48.1 15.42/22.6 24.85/29.3
I 45.76132.4 27.35/37.8 26.74/29.8
v 68.84 /56.8 5.39/6.8 25.77136.4
\Y% 66.58 / 55.5 10.17/16.0 23.25/285
VI 71.14/60.6 4.16/6.7 24.7/132.7
Vil 89.24/81.0 9.84/18.5 0.92/0.5
VIII 69.41/60.6 5.29/6.7 25.30/32.7
IX 95.14/91.7 4.35/8.3 0.51/0.7
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Fig.6 SEM-BSE images of (a~b) Zr«oTiisNissalloy, (c~d) ZrsoTiwoNio
alloy and (e~f) ZreoTisNis alloy
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B EIGIN,  Zr(T) [ VA AR 1 A7 S U R Xof Vg B 9, £ 328 1
I, SR A R A AR ) o PR SR R R, Ni-Zr(Ti)2
FHI & BB /D 3 B340 A m 1) T S A R A A
—#. B8R T HSC #JF M EA BRI NI 5 Zr
JRILTE 8 NiZry BV G ke e 5 A B tH e 22, eh I mT 1,
Ni 5 Zr #£ 900°CLA LR BiITE R NiZr, BB & KN T
-50kcal, HITERIR AT, Zr(Ti) A 3 6 A T 5
Ni BB NiZr &)@ G, 4648 Ni 28R
MSEEESE, FRE Zr(Ti)EEAA R R, X
T ZITiNi & &R 5 4 o0& = 1 CHEC R .

o Z1(Ti)
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Fig.7 XRD patterns of ZrzoTi1sNiis, ZreoTizoNizo and ZreoTisNis alloys
o AG(Gibbs Free Energy)
mAH(Mixing Enthalpy)

T=950°C
AG=-10.334kcal
AH= -51.419kcal

T=100°C
AG= -28.391kcal
AH= -28.685kcal

Energy of formation(kcal)
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Fig.8 The difference in mixing enthalpy (AH) and Gibbs free energy
(AG)of Ni-Zr to NiZr2

2.4 ZrTiNi & HFMEED R
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Fig.9 Quasi-static compressive stress-strain curves of ZrTiNi alloys
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Fig.10 High-speed camera photos of ZrTiNi alloy igniting jet fuel tank
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ZrTiNi energetic structural materials
Zechen Wu, Kongxun Zhao®, Guitao Liu, Kai Liu, Lian Duan, Hongtai Yang, Yitong Liu, Dong Liang
(China Ordnance Science Research Institute Ningbo Branch, Ningbo 315103, China)

Abstract: The ZrTiNi system exhibits unique low-temperature melting characteristics and high chemical reactivity potential, offering promising
applications in energetic warhead casings. This paper presents a preliminary exploration of the low-temperature liquid phase region of ZrTiNi
based on ternary phase diagram calculations. ZrTiNi alloy bulk samples with varying Zr contents (70wt%, 80wt%, and 90wt%) were prepared
using a vacuum sintering process, and the materials' microstructure, phase composition, quasi-static mechanical properties, and impact-induced
reaction characteristics were studied. According to the phase diagram calculations, the ZrTiNi system has a wide liquid phase region at 900<C,
950<C, and 1000 <C, demonstrating significant low-temperature melting characteristics. Relative density and metallographic analysis results show
that the Zr7oTisNizs and ZrsoTiwoNiw alloy samples sintered at 950<C achieved near-full densification, while the ZrgoTisNis alloy sample had a
relative density of only 81.7%, with numerous pore defects remaining in the cross-section. This indicates that as the Zr content increases, the
overall melting point of the alloy rises. XRD and SEM analysis results show that the ZrTiNi alloys consist mainly of Zr(Ti) solid solution as the
primary phase and Ni-Zr(Ti) intermetallic compounds. Additionally, increasing Zr content promotes the formation of Zr-rich solid solution phases,
which inhibits the formation of intermetallic compounds to some extent. Quasi-static compression tests reveal that the densified ZrzoTiisNiis and
ZrsoTioNiwo alloy samples both have compressive strengths exceeding 1200MPa, providing a solid foundation for blast loading resistance and
armor-piercing penetration. In ballistic gun tests, the ZrsoTiwoNiiwo alloy projectile successfully penetrated the front steel plate at a velocity of
1029m/s and sustained the ignition of jet fuel, demonstrating excellent impact-induced ignition properties.

Key words: ZrTiNi alloy; low-temperature melting; energetic structural materials; impact energy release characteristics
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