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Fig.1 Assembly diagram of spalling experiment subjected to

asymmetric impact

P 5 LT 0 4 s - L, B 2 s o AR T o
RO IR A R R AR S A A A A TR
A A Wy PR, 5 RS 2, 76 TR 46 35 310 38 W o
H AT A A SO, T B SR T3 1) 2831 B8 7 AR 1 3, 22
ICIXHORS 5, aniE 2a s o FERREA I A e T s 5
S BRI T3 N 0 S E .., W 2b.
Bl 2¢ 5 x-t XS R p-u B, Ho a,, RS 3 0 R 2
Uyo TP SRR 1 0 7 R PN ST TR S A 1 T X, 2 2R Ar
AR 3 AR I A T R e A A L e 2 R
AT T 38 S0 2 2 O3 A SR BB AT T 5 B8 /N A A fip
JO7 3 A B BT 56 R I, A 3CRE TR R AL, 1
S J2 B AR A EE BT B9 el T R B2l i
) A e i i 90 o84 X A i 11l TR R 3 A
LM A 3 7 fe e 2 A SR SR , P U B B T A4 A
AR S 1T 2 S5 S 21T o TR 2w, 2 [T 8

t p

a. x-t

2 AR X PRl 48 S 2 S I i [

c.p-u

Fig.2 Schematic diagram of spalling experiment subjected to asymmetric impact
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Fig.3 SEM, EBSD/IPF and XRD graph of the TiZrNbV-RHEA

sample
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HORFE AT 28 U TP R T e 42
P I 5 SCERES SR HEAT LA AT IR TR, w
hy S B0 WA YRR JE T R u, o A AT e U R
Ji SR B HEL . p, o, & F1 a, B THE 5 i A (1) ~
(6)o MF1 AT LLE 45 i 1 U 15 R 23 2458 32 1 i
6 fE o R A 1 I RS n, AE i o R ) W R Gk
| HELEHAAE B T )2 RIS . o 1#~6# 0 A B
FEAR I A5 R, SP#1~SP#e i SCHR[ 21 R R 2450, 5
A 58 BT FH AR FE N TR — b vk o 7 U0 WY, Sk
[ 21 R R Al X R il 45 1 7 3 i o R p,, G —
P, A R X (2) EH AT TR

R 1 TiZrNbV-RHEA M di 7 J2 2 50 40 45 28 K 5 30mk[ 21 145
A
Table 1
ed to plate impact for TiZrNbV-RHEA and comparison with
the results from Ref.[21]

Experimental results of spalling experiment subject-

No. w u, HEL P, o, &, i a,
/m-s' /m-s'/GPa /GPa /GPa /10°s'/10? m-s

1# 207 107 - 3.07 1.50 0.675 0.585

2# 250 137 - 3.96 0.93 0.611 0.530

3# 315 173 4.06 5.04 1.43 0.654 0.568

4# 515 282 4.35 8.43 2.23  1.46 1.27

5# 646 353 4.57 10.73  2.14 1.41 1.22

6# 666 363 4.60 11.06 1.75 0.616 0.534

sp#112') 313 175 412 5.11 1.84 1.33 1.16
sp#21211 417 233  4.18 6.89 1.86 1.52 1.32
sp#312'1 519 290 4.38 8.69 2.04 1.47 1.28
sp#4l2') 580 323 449 975 201 1.45 1.26
sP#512') 610 344 456  10.43 2.11 201 1.74
sP#6!2" 702 391 4.69 11.99 2.03 1.67 1.45

Note: w is the impact velocity. u, is the particle velocity of the shock wave.
HEL is the Hugoniot elastic limit. p, is the loading pressure. o is the
spalling strength. & is the tensile loading strain rate. a s the

e-acceleration.

5 R JZ 2528 b DISAR 45 9 TiZrNbV-RHEA
BURERY B T O o R P s L R A N B 7R
R T )RR ATLUE M INECr & e R AT, 2
9 0.35 s B NN AR BE 3G, SRR R A el 0
i & J1 M 3.07 GPa ¥ Jfim % 11.99 GPa.
TiZrNbV-RHEA i ¥£ () HEL { & 4.06~4.69 GPa, )2
A58 B Bl 0 0 AR RS- 65 1 7 3 i i g,
5 0.93~2.23 GPa, R/ LU EHELZH
5 B AT 5 0 AR AR O R O
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B 5 A i T TiZeNbV-RHEA [ [ i 5 5 53 5 T
Ld
Fig.5 Particle velocity histories on the free surface of TiZrNbV-

RHEA under different impact velocities

o, =1.11 +0.0898p, (8)
U, 2 (8) i (1 R A B A A OC o )2 5
B o, RT3 1 91 p, I BL GPa o Hfir.

2 ERWINITERHERUFR

2.1 EEMES
O 25 S 3R WY, Mot )2 22 AL IR B e i 45

R T B IR A R AF 58 R H 45 Johnson-Cook il 38
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p O 1)=
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K32 2 5B R 1, MPas oy & 0 I 3 T (O iR
N 71) ,MPa. g, Fil g, WG REL, £ IE TG 1 AL
T AR B, o T4 i . Johnson-Cook il 34 i A%
FESCHRT

g,:[D] + D, exp(D3Z'*ﬂ(1 +D,Iné) (10)
M
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AT >R Johnson-Cook A g #5125 45 Gru-
neisen R B HATHLL, M OCH B S E00L 3R 2.,

i

Bl 6 TiZrNbV-RHEA JZ 24528 A BT AL 7Y
Fig.6 Finite element model of spalling experiment for high
entropy alloy TiZrNbV-RHEA

* 2 JCHA 4 Johnson-Cook A #PVHT Gruneisen IR 1 2 &
%ﬂjz—ssﬁ
Table 2

neisen Equation of State Parameters **"**!of OFC

Johnson-Cook Constitutive parameters”*’and Gru-

P, A B C,

0
n m s A
/ g:cm™ / MPa / MPa %

/ km-s™'

0.31 0.025 1.09 3910 1.510 197 0

8.932 90 292

Note: p, is the density of OFC. A, B, n, C, m are Johnson Cook Constitutive
parameters. CO, Sy Voo and A are Gruneisen Equation of State Parame-

ters.

%£3  TiZINbV-RHEAHEAK J) 2 28
Table 3 Main mechanical parameters of TiZrNbV-RHEA

K/ GPa G/ GPa
124.52 32.48

p,/g-cm™  E/ GPa v

6.449 89.66 0.38

Note: p, is the density of TiZrNbV-RHEA. E is the elastic modulus. » is Pois-

son’s ratio. K is the Bulk modulus, and G is the shear modulus.

&4 TIiZINbV-RHEA ) GTN-JC A S 4L
Table 4 GTN-JC Constitutive parameters of TiZrNbV-RHEA
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A1 PRIt B 300 A0 5 10 1 5 i) o A5 KRR 3 G o R
Ak o =0.82 s B 20 g i 5 7 i 5 & o, S A 4
GRAb e A IR, 5% ] BB A R & g L 7E =0.88 s I
Z1E RO R AE R R, REI8b AT LLE
KA HEEE 580 mes M610 mes™ 2 Fl TR 45 R

(TY/MPa N q] qZ Sn Sn f() fN f(‘ f;: DW DZ Dj D4 L] LZ
1009 4365 1.5 1.0 0.45 0.256 0.001 0.0044 0.0074 0.0251 —0.2531 3.335 -1.3874 0.295 O 1

Note: The meaning of symbols can be found in formulas (9) and (10).
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Lessons

Spalling Behavior of As-cast TiZrNbV Refractory High Entropy Alloy

CHEN Rong, MA Rong, WANG Zheng, REN Ke-rong, ZHANG Si-yuan, TIAN Zhan-dong
(College of Science , National University of Defense Technology, Changsha 410073, China)

Abstract: The cast TiZrNbV refractory high entropy alloy (RHEA) has high structural strength and good energy release character-
istics. As an energetic structural material, it needs to withstand complex dynamic load environments in engineering applications.
Studying the spalling behavior of TiZrNbV refractory high entropy alloy and obtaining accurate dynamic constitutive parameters
are vital for its engineering application. The spalling characteristics of TiZrNbV RHEA were studied by flat plate impact experi-
ment using a 20mm light gas gun. Parameters such as spalling strength, Hugoniot elastic limit (HEL), and plastic strain rate were
obtained, based on the free surface velocity history. The recycled specimens were analyzed using scanning electron microscopy
(SEM), and the spalling characteristics of TiZrNbV RHEA at different strain rates were analyzed from both macro and micro per-
spectives. It was shown that the geometrically necessary dislocation of the samples significantly increased with the increase of
loading velocity. The spalling strength of TiZrNbV RHEA increases with the loading strain rate and the loading stress, with values
ranging from 0.93 GPa to 2.23 GPa. The GTN-JC constitutive model parameters of TiZrNbV RHEA were obtained by calibrating
the free surface velocity history of the spallation experiment with a flyer velocity of 580 m-s™". The spallation behavior of the sam-
ple under 610 m-s™' flyer velocity loading was calculated by using the fitted parameters. It was indicated that the free surface ve-
locity curve of the spallation experiment performed well in simulating the spallation behavior of coarse-grained TiZrNbV RHEA.
The simulation results show that the free surface velocity curve is consistent before the first tensile stage, which can be used for
the dynamic analysis of sample spalling failure. The obtained parameters can provide reference for the engineering application of
TiZrNbV RHEA.
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