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(b) Ni powder
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Fig.1 Particle size distribution and microstructures of Ni and Al powders
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2.1 ®18mmNi-Al ESMs HJI@ MR LESCIs

Zhou %522 W 1 BRVE R A5 H] 46 1 ©18mmNi-Al ESMsP20l, H4BE7K v NizAl=1:1 i) Ni. Al ¥y KR
HY¥L) G, BRI REHLUE AR O18mm [ 45 SARHIRE T RE SR S 45 S Bk
o BEEBFERERN PVC &, I ANFO YEZy, &n & gl ey ipy Rl 45 . 1% Seie A
T M HE: Ni-ALUB AR, 45 SHHIFERE . HmlEZg \ BVC #ifE . v ANREWL. &8 . K1k
&, SEER AR SHUE Bk 1 s,
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Table 1 Experimental parameters for explosive sintering of ®18mm Ni-Al ESMs

Value
Particle size of Ni (um) 20
Particle size of Al (um) 25
Sample tube inner diameter (mm) 18
detonation velocity (m/s) 2300
Initial density (%) 60
Specimen relative density (%) 99.1
PVC tube inger diapieter, (mm) 70
PVC tube height\(mm) 180

2.2 ®50mm Ni-Al ESMs /@Bl 4513 FZ R AN LI S 5t

2. 2.1 BB 22 OS0mmNi-Al ESMs 369 & 37t 5
Coker28125 i@ 3 AR G Fe2h 1) 71146 T @25mm. ®50mm. d75mm Al @100mm I3
Ti G&M AR ESARS AREGR I ©100mm &SRR ARG S O025mm RS EEA—2, UiH%
YERR S RGOS B 74T Y. G550 SEIR 56, AR ORI B E N 50 mm. HRIEH
XIRRIENE R AR B 1, AR R R G AR e E AR (1) PRAS:
£ 2p,hd Vs

e (1

Kof, PN EPRAEIRIE, PO R, oW ER A TS, TP A B,
IR BN
ST B RIS B A 51 Guney 777 P BIVP A 88 (2 A, th ChadwickP0s 918 E )
Gurney 77 £ 4:
V. (0.612R)
Ve =———
2+R
Al RS S RBRELLL, V, AL
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CLEEJE )y 2mm. FME0h 22mm F) 45 SAHIRE S DAH1, H ANFO KEZyERpRSs, BRid
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Table 2 Parameters and calculated results

Parameter Value Formula
R 0.77 y _Vo(0.612R)
Vp/(m-s) 391.3 ’ 2+R
pul(kg'm3) 7850
he/(m) 2x1073 2
dy/(m) 20x10°3 E= me];%
d./(m) 18x1073 ¢
E/(MJ-m?) 297.8

LA D50 mm Ni-Al ESMs, 5B H ©18 mm UK ZE JF R Y 29845 FI R PVC 2515
JOFREPE IR . @50mm (G5 VEL & 5 A3 M2 2 T ©18mm Z¥ R=7.85, SLHikHL
FHERE 1L, R AR R O50mm FIRE S (B E A 5.3mm.
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FEHEAT BB AR, HIF FE AN [R]85 24 v i A 0 24 J52 R P WA R R o 2 e A P N 8 0 AR S . 8T
A RO IE 2 (a) fiR, HABIFNIKIKANZES . ANFO JEZ . RS K N-ALRBE K. =
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(a) Finite element model. (b) Locations of monitoring points.
2 1B MERe4E ©18mm Ni-Al ESMs {{f 15240
Fig.2 Numerical model for explosive sintering of the ®18mm Ni-Al ESMs
3 IRIERLE IR R R RHER

Table 3 Material models selected for explosive sintering

Material name Equation of state Constitutive model Failure model
AIR Ideal Gas None None
ANFO JWL None None
STEEL1006 Shock Johnson Cook None

F 4 NI-AUREM R P-o IREESH
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Table 4 Parameters of Ni-Al mixed powder model

p()/ pporous/ C()/ P E/ P. s/ N K/ T 0/ Cv/
(g-em?) (g-em?) (km-s) (MPa) (GPa) (GPa) ®)  (kg"K")
5.79 2.22 4.33 57 5.8 4.63 109 293 547

Ni-ALIR S AR KA P-a 7, HAPRIZHEIIER 4 fioR. P-a BABABIC 247
V2 PSR & 1 [F) PR 25 1] S Mo AR R A 5 28R ) T i ML R . AR ey o AR RS BHE
KRB o=VIVs, b VRZAIMBHORE, Vs AR AR R A0 s 7 S5 A TR R GT IRE Py ] 4% P 4
o FEMIERE R, IR ROME AEAE e 2, AH LA 2 B R AR AR [ s 0 A5 7
M H T LT RN At AT I R AR TV, A EZG 1 TWL S8R 2l B A 53015,
AECLERL SEINE , ATRESI AR R %, RIASUE AR AUTODYN #EHE B[] ANFO
VELiZ KL, BN 4160m/s, MR S Fon. RS S DB IUE NS B e, AEESER T
SR Ni-ADR S AR B LR PR . B, ASC T ERE USSR T A R 32577 = T Y
X F17K T, FELL @18 mm EHE T 21EAS SR,
S ANFOE#ASH
Table 5 Parameters of the ANFO explosive

p/ Vd/ Pc_]/ A/ B/ R R © E()/
(grem3)  (msh) (GPa) (GPa) (GPa) ! 2 (GJ'm)
ANFO 0.931 4160 5.15 49 46 1.891 3.907 18 0.3333 2.484

O18mm FE B4 AR M BUE B 3 fin. MWK 3 () B4 =BT A, BT
B AT Gb AR T A A B BEAR T FLAERE A8 T AR R L, BB T 72 Ni-AL YR 508 R 4
AR 2 =27us W, HESRBTT U0 NPT BEAFE AL S =3 Tns I8, WOB A I 30N I S 35
FEADAERAAE, O E EX I =4Tus I, BRI AL IR B, IFERE O X
BIC R IE Bl = B X, B R AR S R S o o b s B0 SERd A bR TR i 3 (b)) i
No

PRESSURE (kPa)

8.000e+06
! 7.200e+06
6.400e+06

— 5.600e+06

27pus 37us 47pns

— 4 B00e+06
— 4 000e+06
— 3.200e+06

— 2.400e+06:

1.60ewg5)
I 8 000g +05
Bg0ge+0

(a) Pressure distribution during sintering
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(b) Material deformation process @
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Fig.3 Numerical simulation of explosive sintering of the ®1
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Fig. 4 Pressure-time curves at different monitoring points during explosive sintering of the ®18mm sample
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Fig. 5 Numerical model for explosive sintering of the ®50 mmiNi~Al ESMs
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Fig. 6 Pressurg-time curves at different monitoring points during explosive sintering of the ®50mm Ni-Al ESMs

2. 2.3 ®50mm Ni-Al ESMs H FF B 22 4% 54 R 5 B A 5 52
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(a) ®50mm Ni-Al ESMs finite element model with (b) Pressure-time curv l@@vation point.

optimized parameters.
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Fig. 7 Optimization of Ni-Al ESMs with a 50-mm diameter for ring
25 FRR, ATLLE ©50 mm Ni-Al ESMs R 1E B4 S5 1 5% ; i AR N 50 mm, BE
By 5.3 mm, FEHEE N 100 mm, 25NN 204 mm, &
2. 3 1BIERREEHIE ©50mmNi-Al ESMs
D50 mm HRNERESE SCA0 R B RT3 6 fis, IEHUT AL 19.8um (¥ Ni 4381 24.7um
ALK, EPHEIF Ni-ALTE S8 AR ©50mm IR &t Y TR BN RS DL S 3 A B
8 (b) fivn, SLIGERIMIFEmE MRS (o , E5 1 Ni-Al ESMs 7118 8 (d) Ffim.
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Table 6. Dimensions of the explosi‘v‘&g{lyrigg evice for the @50 mm Ni-Al ESMs
. S Explosive
Samp?e tube inner Samp.Ie tube Samplv; tube'p \e< Cart.rldge inner . dge height/ detonation
diameter/ wall thickness/ filling heigh diameter/ .
(mm) (mm) (mm) (mm) (mm) velocity/
(m's!)
50 5.3 LQO 204 290 2300
L)

Kl 8 BRI E 45 ] %% ©S0mm Ni-Al ESMs
Fig.8 Preparation of the ®50 mm Ni-Al ESMs by explosive sintering
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3 BERED

AHIF e 8 i 25 B I B B 4 d50mmNi-Al ESMs #Efh 35 E . K SEM Al XRD 73 5 R AERE
WOWTE SRR #8146 1 Ni-Al ESMs 7£ 300 C R 2% 300 min HEAT HAL T, ) FH AE#H A5 46
SERS AR Fy 2 1 RE, IR 4 S5 A IO L 2R 25 KA T 3 i
3.1 ZEM

PRIERe 4 H1] 4% 1) Ni-Al ESMs (1% BEIR S5 Rk 7 Fion, Ni-AlTRA M R &R I WF B2
PSP YN 5.121g/em3, ZEEE/RELA Ni-Al  ESMs FEi@%5 % (Theoretical density T.D.) N
5.17g/em?, “FIIECE LN 99.1%T.D.o

% 7 Ni-Al ESMs ZE ML R
Table 7 Results of Ni-Al ESMs density test

Powder Mixed In1t1.a1 Sintered Average Smte'r o Awverage relative
. . powder relative . . relative .
partlcle.sme diameter/ density/ density/ density/ density/ density/
gradation (mm) (%T.D.) (g-cm?) (g-cm?) (%T\D.) (%T.D.)
18 60 5.123 99.1
18 60 5.128 992
18 60 5.102 98.7
18 60 5.128 99.2
19.8pum Ni+ 18 60 5.128 99.2 N
24.7um Al 18 60 5.118 A\ P 99.0 99.1%
18 60 5.123 99.1
18 60 5.133 99.3
18 60 5.118 99.0
18 60 5.113 98.9
50 60 5.128 99.2
19.8pum Ni+ 50 60 5023 99.1 o
24.7Tum Al 50 60 5.123 3121 99.1 99.1%
50 60 5.113 98.9

3.2 SEM/BSE 43 #h

9 NIRIERLE R AR P A E/E  Ni-Al ESMs £ SEM/BSE MIRZEF. B9 (a) (b)) #
() (d) 45124 19.8umNi F1 24:7umAl JIki A2 E il 2 (1) &18mm Al d50mm [ HAKF LR,
FHo B Ni BORLAr BT AL AR AT VR, AL BTRL A A2 B2 AR T, T Ni ROk R A
IR A BRI, R4 EATEIEETE . Ni-Al G5, ARG, WD)/ 8L,
T e £ A AR D AR BB URE A FE N B0k AN AL SRR R VR T IE B 6T R AoR AR L B TR &
MR, MR ERRES IR A3, WAHENES, FRFERKNRL, bEL
T K D AR BEc R Hh ROk BRY

a) :._-\ .
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(a)(b): Ni-Al ESMs samples with an 18-mm diameter; (c)(d): Ni-Al ESMs samples with a 50-mm diameter
K 9 PR ELAR I Ni-Al ESMs 7EAN A O 0 R (1) SEM K]
Fig.9 SEM images ofNi-Al ESMs with two different diameters at different magnifications

3.3 XRD 43#f

TERRNEREAE A IAET T, Ni-Al R R AT RERAE B IBIA S8, XA BEAIK Ni-Al ESMs ) [
W, E PRI TE Ni-Al B8 S0 E M55 ESMs B )25 VERE, R AE ) o ol 42 v S i ik
Guo M 10 XRD P i n] AR HY KRR 45 il 46 (1P Ni-Al ESMs A dh 0 B Ni AT AL B RTH U,
ARHEBL Ni-Al - @JERLE AT IE, XERPLIRE O18mm & /& O50mm HRFEREAS % 1 Ni-Al
ESMs %4 Ni-Al & & HAEPA R, Ni-Al ESMs A4 R B 4@ AL EY0, e S8 8 s R
B PRt T YIARIRYE, EIHE 1 AR S SIS Bk B & P

* Ni M —— ®18mmESMs

e Al —— O50mmESMs

Intensity(a.u.)

T

20 30 40 50‘60I70l80I90
20€)
B 10 PP ELAA T NiCAVESMs ) XRD &
Fig. 10 XRD spectra of Ni-Al ESMs with two different diameters

3.4 MBS EESESE

11 5 ®18mm 1 ®50mm ] Ni-Al ESMs #AbHE Fi 5 (I HEER S TR 48 B - AR 28 . AF APl RE
P MR = BCF A . OIQoammy sl Hu b R AT 1 B 46 1R 1~ 3 B e SR FE R 257.4MPa, -3
KINAL N 9.3%, FAL IR FE AR 3BT He i AT~ 35 < 3 AR 43 il 276.1MPa Al 17.2%;
O50mm LR B AT I ARG I P PR LN 258.0MPa, T3 KRBANAEN 9.1%, #HAbFE 5
TRBE P K B 50 R P-4 2825 43 51y 281.5MPa fil 17.8%. i XFELAT 41, ©18 mm 5 P50
mm AR [F]— HARER RS AP T 5 FE AN R N AR T, g B RST TBOR A B 5 ) 55 FL v s TR 4
PEfE . FACFRE BT MR N R AR R R EE, (EAPRHE B ARG FEIE A R R, HAPRLN G Ni-Al 4
JETEACEYIE R, NITET 1M Rk 2B M.
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Fig. 11 Stress-strain curves of 18-mm diameter Ni-Al ESMs under quasi-static loadi

itions before and after heat
treatment
12 NHEFRAS RS G Ni-Al  ESMs 18R S 1 A2 a0 1 i
MRS 48 JE IR FE R A T 45 B UIAREL, RSUE Ni-Al Fii Y
B, nTRe A RS E R E A K. SRR SBM Y N 9) ML, FEHERFS LS
M5 Ni-Al ESMs ke, A0 ALARPZE T 88 1R FISAE ALK Ni J0RE T L i)
Bl 2 FE AR A SR O RURLIEZAR o //

(a)(b) Samples before heat treatment; (c)(d) samples after heat treatment
B 12 HERRS R4 IS Ni-Al ESMs BUREZUEHT AT S O T 3t SEM ]
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Explosive Sintering and Mechanical Properties of Large=Sized Ni-Al Energetic
Structural Materials Optimized via Numerical Simulations

WANG Yihua!, HUA Haozhan’,ZHOU Yibo?, HU Qiwen'

(1. Faculty of Land Resources Engineering, Kunming University of Science and Technology,
Kunming 650093, Yunnan, China;
2. Tongling Chemical Group Xingiao Mining Co., Ltd., Tongling 244000, Anhui, China)

Abstract: Current research on explosive sintering of Ni-Al energetic structural materials is
mostly restricted to small-diametersspecimens of @18 mm and below. To fabricate large-size
Ni-Al energetic structural materials”with both high relative density and superior reaction
reactivity and validate the\feasibility of specimen scale-up, nickel powder with an average
particle size of 19.8 umvand aliminum powder with an average particle size of 24.7 pym were
blended at a molar ratie NijAl'= 1:1. The explosive sintering process of ®18 mm samples was
simulated via the AU FOBYN finite element code, and process parameters were optimized with
theoretical calculations. Large-size ®50 mm Ni-Al energetic structural materials were
subsequently’ manufactured by explosive sintering. Density measurement, scanning electron
microscopy ASEM), and X-ray diffraction (XRD) were adopted to characterize the relative
density, microstructure, and phase composition of the specimens, respectively. Quasi-static
compression tests were carried out to evaluate the mechanical properties of heat-treated
materials. The experimental results reveal that the as-fabricated ®50 mm samples possess an
average relative density of 99.1%, and their microstructures show no obvious distinction from
those of ®18 mm specimens. Only diffraction peaks of elemental Ni and Al are identified after
sintering, with no Ni-Al intermetallic compounds formed, which facilitates the retention of
subsequent chemical reactivity of the material. The Al phase presents a continuous distribution,
with Ni particles homogeneously dispersed inside, leading to uniform dual-phase distribution.
After heat treatment, the ®50 mm specimens achieve an average compressive strength of 281.5
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MPa and an average failure strain of 17.8%, whose mechanical properties are roughly
equivalent to those of @18 mm counterparts. It is concluded that large-size fabrication of Ni-
Al energetic structural materials via explosive sintering can be realized by optimizing process
parameters on the basis of numerical simulations and theoretical calculations.

Keywords: Ni-Al energetic structural materials; explosive sintering; reaction reactivity; microstructure;

mechanical properties



