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Dispersion and Dissipation Relations of One-Dimensional
Viscoelastic Phononic Crystals

WANG Hang, WANG Wenqiang

(Institute of Fluid Physics, China Academy of Engineering Physics, Mianyang 621999, Sichuan, China)

Abstract: Based on equations of motion and the generalized Maxwell constitutive model, this paper derives

the dispersion and dissipation relations of one-dimensional viscoelastic local resonance and Bragg scattering

type phononic crystals. The results show that, for the time-harmonic propagation, band gap does not exist in

the dispersion relation and the attenuation of wave solely relies on viscous dissipation and periodic

modulation, which will enhance the dissipation; on the contrary, for the free wave propagation, there is a

band gap in the dispersion relation, but beyond the band gap, the attenuation of wave is still dependent on

viscous dissipation and periodic modulation. These results are valuable for the study on stress wave

propagation in layered composite materials made of polymers.

Keywords: phononic crystals; local resonance; bragg scattering; generalized Maxwell viscoelasticity;

dispersion relation; dissipation relation
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S, Fz:[‘9”*’("1)]2+[‘9”1’(”01)}:[‘9”*’%)}2
Up Uup Up
27 MELERDH
S 9 T A Hugoniot 280 M HURZZVE I AN 1 s . W LLE 3 ug IR ZER K, EEIEM KR

JEE I DR 2 K I B, A T BOW AR A0 i B M 4 8 B AR 22 B 10%. JRJT T 4 GPa ), B A C 4%
LU

F1 ITBRHEXSBHHTELERRIREEH

Table 1 Calculated results and errors of the related experimental parameters

No. poo/(g-cm™) v/ (km-s™) ug/(km-s™) up/(km-s™) p/GPa p/(g-cm™)
1 10.696+0.910 0.622+0.003 1.254+0.041 0.457+0.019 6.126+0.434 16.826+1.122
2 10.484+0.731 0.270+0.001 0.913+0.055 0.213+0.013 2.038+0.223 13.668+0.536
3 10.707+1.229 0.784+0.004 1.549+0.089 0.546+0.028 9.056+0.913 16.639+1.324
4 10.237+1.370 0.508+0.003 1.107+0.030 0.388+0.016 4.392+0.211 15.752+1.370

3 REWME

31 p-otEH

p-a SRV YT R 48 5 R AR B TR A B B M TR S i U, Hoha = VY VR — AN R R
T IR B (80, VSR R R I L 2, Vg S M I A R FE TR BE T AR 7 p R LAY . p-o i) BLAG
RIF] i 32 3K T 2K, A B S8 AN S v v 5 L 1 3
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3.1.1 R iR B ( Modified quadratic, MQ)

p-o B E R A vhds 2T B Z AU AR v REvE . 0 e R, A Ry i
‘f%*ﬂiﬁ‘f%ﬁ]ﬁﬁﬁj\o AR o Z0 W T BT YIS BE AR AE, JF BRRTE SRS R T, Z2 AL ARHR [ AR R Y

REAHSE o AR Ty B, B T S0 1 R 2 i S4TSR A1 MR 43 P SRS R A B e o 38 8 490 1 1) 3.
@/U(%EQME/ N TR R S AW, SR N as = oo ELEE B BE R T .

IAPEAZIE I a2 X Butcher Fl Karnes 7775 () — kBt . — A F

a:1+(aE—1)(u) (8)
Ps — PE
Arf: NRZRIE S E v DAL SE 56 B Bl s
3.1.2 E7STkE 22 3 ( Static spherical, SS)

Carroll F1 Holt"") 38 32 4 22 FL A L v FLAI B9 3H33 T — 1> P R ) 5 B 19 25 00 B3R 1 s SIS A - R 4 b 72
p-aBi R AR Sy KA IKIE, R T po WRASERIE 20 2 AT 0 He S e 107 147 T, PR Ak s S5 i iy
P A RH A R FL IR A JLA T R e o B B AR A BEAS o] R 45, B FLIR IR 43 3 /N XK, 76 e i i
SAPE X, W52 B0 AE e 7 35 3 S8 T FL Bt B B AR WAy & AR AR Ak o 33 fift e S o B AT DAAS B 8 4k A e S
TR T PIAN XI, FET1/N T pe BHFLBRE A AR Ak o] DL ZE AN T pp BRI R TR

pEzngnao_l
Aorfre YR WEARA R JE IR, ao @ PIIRFLIREE . R IR T pp BEREE 3 BB, MR MR TE, TR
P FLAA I 2 A, B () FL R B8 OC &R mT LR T i ik

a=(1-e¥?) (10)
HRAS BRI Y p-o i A K 2% 18T 1 1A TG 5G9 Tl MRk, PRI ot vl e FH T v o A U TR R 1Y
JE S 1, T L AR AR 20 T ORI 2 RT RE R A R
3.1.3 FE&#2A I (Power law, PL)
Brown %" (1) p-o B A 5 R PRI [R], ABATT P [R]—Ff WL T 5 50 P e S8, LA R T IR ROk AR
G sh A S, ISR H BB AL 0 S . AR AR E AT

@ =(Ps/p)r (11)

)

A P RSB, n RAKSH
32 p-atER

p- KT WY M 4S5 B A TR A 60 0 R SR A B — N R AR A Y 15 poo BRI, %R f
P A SR A A At 3R T S R G 2 M A TR A W I ST IR S, BT — R p-V LR AR
533 3 AN TR B 1K 3ok — 3 SR S ST 50 3 L 7, 3 — 3k SRy BN A B PR PR, = S i
DX o BRI 7850/ IN AR T 2 3R P e ol P 8 A ) 0 B A6 75 5 SR 45 0 ) A R B P K R
M 7 + 465 1 145 B A 468 S ) I S R A R R B R, SR R PR . ZE PR E IR SRR,
Ao AR B S T Sl ST S YR A 0 Y p- G5 7 S AR A A T — A B A R 4
BOMVETT AR . A 8 X, ABE B AR T4 3R 25 0 TR 0 P AR s i S AP L A TB AR e . MPRHE S,
SE TR IR B R HE 5 4 A E k SR AN, kB SR SE A TR SRS TR 9 B T i A AR 0~ 1. 4
B SE A A T AR BB RS T 4= 05 YA R TE TR 1 E PRSI, 2= 1. 2 B9 BARBREOC R

— 1@V (12)
o p AR R TR IE ) 22 55 Y 2 A B T IR B2, SRS W IR, 2 W 7R & b 51 & JE Ik A
JE 52 n Toik NERAS AR IRV b R 4T 5E o

N
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T g A S AR RS RS R, A2 4 TR G R R 11 Hugoniot 2k, 24 1R ) 8 b Ry IR 1 BU&
FE 75, W B N % P TR R K Hugoniot 26 b o ARG 58 # K 9 Hugoniot Z& {# FH %5 45 Mie-
Griineisen F 1T 58], B, &F W. Cu [&@ 1K Hugoniot 05 11 B 45 EAH [E FLEE EE A W, Cu K
Hugoniot 2%, 4 1 Barry £ 1} (1) % #H1iE & Hugoniot JF ¥ 15575 3] W-Cu JR & #) & 1Y Hugoniot 28, 1% 5
MR RAAE I EE AR %

(1) #5453 = I3 A 465

(2)V(p) = ELimVi(p), Ec (V) = B mEci(V), ZLym; = 1, Ec JE bR EE A E -

X T p-ati R, FLBR R o i) N Fil n B{E AU G A5, pp 2 SR 200 7 S PR TR 46 1 I L, a2
AR A FLBR B, pg HY 5250 5040 Fll Mie-Griineisen #3 AR 77 B R S 50 8 o p-AREB i i L& 5 1
RIS, RS E ISR B Y SR AR 8O AT . R T R R AR R RS
T RE(EOS) . FrHIZ 8 Ak 2 e, Hoh ¢, fl S Rtk mh i IR &7 B ug=Co+Su, ZH0, y, 72
Griineisen %, A mAEMAGEROBIRER 3 DL T

*2 ESTUR SRR R SRR

Table 2 Relevant shock and material properties of constituents and mixtures

Material po/(g-cm™) Cy/(km-s™) S Y0 Vy/(em>g™) Y/GPa
W 19.35 4.064 1.204 1.78 0.0520 1.700
Cu 8.93 3.910 1.510 1.97 0.1121 0.065

W-Cu 15.117 4.027 1.277 1.83 0.066 4 1.030

*3 REHESH
Table 3 Model fitting parameters

Parameters
Model
ps/GPa pe/GPa agp N
p-a(MQ) 4.60 0.057 7 1.359 1.952
p-a(PL) py/GPa .
4.60 7.80
Y/GP:
p-a(SS) 2
1.273 4
n
-4
P 1.51

—_
(=3

K6 h Z RIS 450 . T LLE SR - Experimental data
15 4~5 GPa JEJ3 TN B 80%, JE 1 4k 50T ) o * Q)
Ol S A EIT S5 BB P Hugoniot 26 1. IR p-o | - pa(SS)
PL BRI Ab, HAWAE AL B 4 s ik T W-Cu IR & e et
BoR b R g . LI R, B 8 5
045 R4 15 B 4K Hugoniot 47— (%, N
X J2 H1 T Mie-Griineisen 75 1% 200 1 A4 R i B F1 52 2l .
BRI ALBREN ERZRE . p-a MQ M p-a TR \1?“““?;
PL A5 78 i HR A7 7E TR 58 B pg, HUA 15 3 pg= VIV,
4.6 GPa; 5 N 5200 fh £ 1 1 2%, Nﬁlﬁﬁmu it =2 6 4 Rl A 25
Hahn, p-a PL AR Z N HRELRZ R B, U5 R L Fig. 6 Fitting results of four models
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Z o p-a SSHEIYALSZ My AR Ji AR 3 B2 Y (4 ST, 58 4 2200 T R R (9 AROUL I JEE 280 CRDREFE AR AR /N )
B3 1A LA 4528, T Y TR 598 JE pg o 4~5 GPa, 55 p-a MQ Fll p-o PL A58 —H(, p- a1
T DL M A A AR T B ) v o s S ) 7, L AL BT E TG BR300 T, A S IR Y —E RYRTHR T, 24
n BIBUEPE T - 3R, 24 n /NI, #3800, pg QRGOS T Y BV BUERZ W pe 091E . i TART
4 GPa U A5 AT — A, Jir LAAR MEff i G A A 2R IR A B 38 45 48 A W-Cu TR 585 AR B we ol T 447 g V7
A I R K B, AT R T o S RO AR A AT LA R B UL R, S R 0 i R RS | I A
7. W p-a MQ M p-a PL R 280 pg Tk i i S50 &, p-a SS I p- AR i) Y A2 38 45 FURL 4y
P CABORE B4 RS 0B 2 FIC FIBDRE T IR A5 ) A9 52 00 S22, T VR HERf 5000 . A, BR p-o PL BEHYAN, HR
5 70 24y REAR A 3t 48 3 A58 A TR 46 vy SRR BBV B AT, T p-or PL AL 28 240008 B )5 Al vl DL Ao I X — 5%
s B2t R AR N, AR 6 BT, 5 S0 R 25 B K .

4 25 it

T W-Cu B A 8 K 1Y Hugoniot B4, RS040 1 I 152 25, 2 BB 2K 350 B I 4 K5 B85 %o 45
A K . I FH Mie-Griineisen 77 7% 1 Barry 28 iR A%, Al LA H5 W, Cu #) K i) Hugoniot ¢ R 1R
B 1t T [ LB W-Cu TR A5 43 2R 19 Hugoniot £&, {H 1 T 200 T A5 (A 5 B2 FIUR 42 40) B 25 3 ) o 2 22 ¢
KB B, T &5 R AR B S S5 w22 3 K o 43I 3 B p-a A% B p- AR5 B X 52 56 245 SR 2k 47 0
A, KR p-a PLAEAIAN, HAAS A 24 GE 50T Mo 38 W-Cu TR A 03 A ) oo 1 45 g 7, 3 BH 33X 2 JUAR ]
T AR TR AR B oo S iy P S AR X6 T B A A R TR R R A P Y, B AR R A 45 A
Y12 296 SRR PRI B2 ), U RE ) B 2% .
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p-a and p-2 Model for Describing Shock Compressive
Behavior of W-Cu Powder Mixture

GAO Mingyue, ZHOU Qiang
(State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China)

Abstract: This study investigated the applicability of three p-a models and p-4 model for predicting shock
compaction response of heterogeneous W-Cu powder mixture. Mie-Griineisen method and Barry isobaric
mixing method were employed to predict the Hugoniot of W-Cu powder mixture with the same porosity
based on the Hugoniot relationships. At high pressure section, the results were in good agreement with the
experimental results, but it deviated greatly at the low pressure section. The p-a models and p-1 model were
applied to fit the experimental results, and it was found that all the other models were able to describe the
shock compression response of W-Cu powder mixture except p-a PL model. The crush strength and
compression path of all models are different due to selection of empirical parameters, and they are with poor
prediction function.

Keywords: W-Cu powder mixture; shock compressive; p-a model; Hugoniot measurement

012101-8


http://dx.doi.org/10.1063/1.350217
http://dx.doi.org/10.1063/1.2335948
http://dx.doi.org/10.1063/1.4774394
http://dx.doi.org/10.1063/1.4774394
http://dx.doi.org/10.1063/1.329160
http://dx.doi.org/10.1063/1.4788700
http://dx.doi.org/10.1063/1.350217
http://dx.doi.org/10.1063/1.2335948
http://dx.doi.org/10.1063/1.4774394
http://dx.doi.org/10.1063/1.4774394
http://dx.doi.org/10.1063/1.329160
http://dx.doi.org/10.1063/1.4788700

$34% B [=/ S SO 7/ B (= S e Vol. 34, No. 1
2020 4F 2 A CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Feb. , 2020

DOI: 10.11858/gywlxb.20190762

AlICrFeCuNi S & NEMEN T FRINEEMU
AV BhR DRER BEEY £ B2

(1. KJFEHE TR0 220580, IhoE K 030024;
2. I PEAE 25 vl S5 AT R B BT E R SE SR, INPE ORJE 030024)

BE: gt EAttE 4R AN ERE BEEMGHERE MK, BA) HK K
FI# & . A #F % AICrFeCuNi & i & 4 ( High entropy alloy, HEA ) 7 & m # 7 1E Fl T 0 4
M, XA FHAFTE EUGHEGL N LA GBI R FHA, AR IREM AL &
E A AICTFeCuNi B A 2 I FHEN T m, AMBAFAEI M T AR IR A G EHN
BE, EUERELEN, AICtFeCuNi B 6 2 AW R T IEA TRAZ T HME . BR. B3I
EHME, EERME, FHEAFTEMEH, FEME#NFTEMEAKEGEF ALY FH
BEFWEEREZ -, BHAANHREERBEREL A ME Al & BRI I N X ERK, B
BEEL A AR BR A IR RN, R AR, AL S BN, H R B R R W TR A

XA FHE S A TR F A FME REXN; B4 E

&5 25:0344.3; 0521.2 TR FRIRRD: A

= W45 42 (High entropy alloy, HEA) T* 2004 415 %6l Yeh 55U $2 i f w44, — M nl LAE oA el 5 Fb
A D S Tve 5 e i/ 3 ol A i e 9 e e e A A A WK I RS X I =S W i o Q)
5%~35% Z [0, Bl NATTX S0 A 4 Rt oY, L4 ot 2 M iR LR G 5 Bl B 5 il DL L JisE 2]
4F UL EEJRITER . A e EAA m R R e ik B R A 4 R S )2 L A
PEEMERE, FEMUZS R AR ) 5 55 Tl A RE A B R T S . (S A a s i T A m A1
T S BRI AL S, H R A & R UL 4 4 R AR, BRI 2R & R LR M AELIR G, ey
B Ab2E . 1 B AL GG & o L L SR B

A A RS T T SR RE IR T R AF 38 BRI %8R, MEIE 31 50 56 7 21 450 (B AR 101 9 F 52 )2
HANGT o BRI XA G R AL 90 T vk A 1R 7S, 43 TR R A i RURE 48 s R A4
R A T e A 2R . Ko MY T fik &% 8 X CoCrFeMnNi =5/ & 4 O AL 2L 52, & 3R 4%
A1 CoCrFeMnNi #l CoCrFeMnNiC, , A 4 35 54 W AR S 4 44, b R Bl 25 ik 5 k08 B8 0 T 9/ s
Xie S5 SR 43 F 8l 12 (MD) B4 5 15 0F 58 76 ik ik 119 AICoCrCuFeNi =i & & W iy AE K, iR T
AN TR] 5 5 R AR A ) R B R L S S5 A8 R 5 e, ARSI S SR T LU B HEA (19 AN 7] J5E 4544 £h Ji
T R T RS2 5008 . Afkhama %50 3 55 53 7 8h 71 248040 T AL CrCoFeCuNi (=4 & 4 78 N [l i
JETF BT, A5 TIZ A STEE R @ iR AR AR SR T AR AT A ALER, Hohr i g6 25 SR &
W A R T v, e RN ) S TR B S A IR IR SR T AR R B R AT R T A,
BR T B G I 25 T 20U RN g AR AR B 1 R Choi 55 BT Monte Carlo, 738l 1 ¢ Fl o3 1
T2 SR AR T RS T B 00 & X &R T CoCrFeMnNi = 0 4 4 & ¥ 68 4k 09 52 i, F000 1 76
0 K i 5 HE7S 7 (HCP) 4544 Lo 1T 0 37 75 (FCC) 85 M B2 5 o Zhang 551 T FH G T0 IR 38 R 1Y) 7 144

* UG FS B HEA: 2019-04-18; &3] H #8:2019-05-09
EEWH: HRKARPEHA (51501123, 11672199)
fEZBN: 2 @(1994—), B, Lot g, EENES T3 %58, E-mail: 1ijian0980@link.tyut.edu.cn
BEESE: ¢ 15(1985—), B, BIEEZ, FENF 50730 71205, E-mail: xinhao@tyut.edu.cn

011301-1


mailto:lijian0980@link.tyut.edu.cn
mailto:xinhao@tyut.edu.cn

o34 % = JE LY} L 2 Eitd 1

#t AICrFeCuNi Ji #5784, 38 b J5 400 77 12 DUIOUR £ B A B T ALCTFeCuNi R (i Wi 4 76 v fif 884y 1
FHF B 72 M B R B TS5 M A8 4k, 45 522 W] AICTFeCuNi 22 i W4 4 A UA AR 5 A e B, B A B
IR

H A C el H 19 AICrFeCuNi R S & e SR i Ju o 28 i, I mak B . = bl B | fiif
VTN 5 T 5 — AR SRR RE s SR M AE ) 45 AR AN S PR v o e AR AR LR N A e rp R —
JCE i AR AT T BB S O R SRR S5 F R T SRR R AR AR o ARIF SR SR F AT s 2 ik, AR
il 1) 7 A 2 7 4 FH T AICTFeCuNi =0 A 4 19 J1 2= M BRI 20 M 78 S A 28wy 4 FH 2 7 b 108 B0 TR 7 4y
& S5k AR Ak, [R]85 SR 5T IR AN AL & X AICTFeCuNi &= A 4 J1 22 MR BE RS R .

1 RESHEY

A A 1 08 4 2 0 8 T 1 — O LA F OIS B 0 - A6 SR N AT B S W L, SR e
2 L R B S IR A AL, BV AL Bk B USSR IR A IS T, SR A 3
1577 VB G 4 A S G A A R, o T A, LR 4n R (1) AICTFeCuNi =i A 4
5 i I -4 T LRI LU AG B AL 23 AR 7E FCC SR &5 44 [, BEIC AL, Cr. Fe. Cu F1 Ni 5 5 iy v ks 5 450
It KB —E R AICrFeCuNi i 5 4 4 ik 5%,
HEAT RE & fe/ME A TR, R F LB B0 B vk b AT

JUAT 25 M (AL L 6 445 K 3k 50 - s (2) K40 ALO
Y AL B, T 2 v BT AT T A L 0.04 K/fs 19 7R «e
PAE 1 500 K I8 LI T 647 — Bk 6] ) 2 I Fe @
B, LRS- (3) BRI K BB, [FIRELL 0.04 K/fs L@
R R B AR AR 2R 3R, ELF) 300 K, kA7 — B N @
() %) 5t 75 LA S B - o 3 o v RS B FE 3 AR

K, 5 F B 32 0 B BN S 06 1) 4 2 R, AT

3. AICrFeCuNi =i & 4 1Y 7 T 8 124 A AL, Bl 1 AICtFeCuNi @i & B K 5 7or

EI 1 Fﬁ N o Fig. 1 Model and atomic diagram of AICrFeCuNi HEA

O3 T8 15 07 VA T 3 eR B 22 R B, T 28 0 A0 5 RE VR 5 I (8] A ELAE e T D
SR IER T . H T4 )R T R 0y R o, R B B IR FJ2 ik A # (Embedded atom
method, EAM), 7E AICrFeCuNi @& & 4 0 2l 1 24 (R 48 S 2 K 2 J B RLT T 38w, SR i A D
F AT AR Cr-Fe-Ni fl Al-Cu Z [a] (9 A0 BLAE T, 20 R

E - Fu;pi(ri,j)%;m(n,» 1)
K E R i 1SRRI F 3R A BB PREL, 2 IR 1 L 9% B o) pR 88 3R 7R X S50 BLAE H 5 o 11
BRI T i FET j TR KA, ry FORIET i AT Z M B HE S
X F 10 A R 0 F 4% SR ) A EOAE 9 R 8, f14E Cr-Cu., Fe-Cu. Ni-Cu, Cr-Al, Fe-Al,
Ni-Al Z [8] () 35 R 8, TEAHIEGE H, 2R FH Morse X 35 R B A", 7EE A0 AL B BZRIEF H B A BAEHI Y
WEREBE D, 1K B B K T o M BE B g MOS0 R, SR A Lorentz-Berthelot (L-B) /"R A& HAH 5 A 287
T 5 B 2K T A HAE ) Morse %1, L-BIRSHWT

Dyg = ‘VDADB

app=(aa+ag)/2

Yoa-B = VO AOB +ln2/a'A_B

OaB = T0AB — In 2/ang

KD, #8 AL BWRIE T H IR G N RRE; o, RRREE I T EL rons BRET A 5T

()
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534 3 Zs {@4%. AICTFeCuNifm i & 4 1 # HERER 4313 1 244540 1

B Z[E PR R . & 180 T L-BIR G &1 Morse BSHM
& H ) Morse #S55. Table 1 Parameters of Morse potential'”!
3 TR Atom pair D/eV a/A rA
2 ;& 1E 1:% j:u\ Cr-Cu 0.389 04 1.465 4 2.6289
K4 F 8 J12 07 %, 4 LAMMPS # {4 5 Fe-Cu 0.378 32 13736 2.6454
By T J A TR SRR K 4 2 Ni-Cu 037972 13893 2.6182
RGN IR BV T A, S A R AR Cr-Al 0.345 41 13685 28199
At B ML 2 B . AL AR v SR R Fe-Al 0.33589 1.2767 2.8376
P B4, F EAM Il Morse X 354 A8 U i £ Ni-Al 0.337 13 1.292 4 2.808 3

KA A EAEH . B A BLE K /N R 20ax
20ax60a(a &tk H 8, B MRS 9.6x10* NI BEHUG A 1y I (| 25 BE AT AT 45 113 A],
AT LR UEBADL A MERf B, S T 5843 R CPU AR, A BEA0L i R (9 B o] 2D R IE I 1 fs ZEARCHUIN
BOHT, XA R JEAT e i A /MU R R R, (RSB R R B AR . SR T IR B R R
(Conjugate gradient methods, CG) #£17 RE & e /M 7T LA TR i b+ 2 S5 RE e I s, i PETE S5 5 1 R 25
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Fig.2 Stress-strain relations under uniaxial tensile loading
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Fig. 3 Micro-structure of HEA under different strains
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Table 2 Mechanical properties under uniaxial tensile loading at different temperatures

Temperature/ Young’s modulus/  Yield stress/ Yield |Temperature/ Young’s modulus/  Yield stress/ Yield
K GPa GPa strain K GPa GPa strain
100 115.273 11.954 0.115 600 96.507 8.383 0.097
200 112.251 11.197 0.111 700 92.532 7.838 0.092
300 108.768 10.390 0.107 800 88.503 7.147 0.088
400 103.950 9.765 0.103 900 84.382 6.652 0.087
500 101.228 8.975 0.099 1 000 80.808 6.060 0.086
F %) 1000 K 1) 80.808 GPa, &/ T 29.899%; It 4k 120 13
JiE IR 4K 11.954 GPa T % %] 6.060 GPa, /> ol ‘\\ :::}{gﬁlﬁissi?fﬁ;i?& 12
T 49.306%. X ERIKREEMN 100K FHEE G 11E
1 000 K Xf A1 BFH hrff Sy 2 PR RERE W K. A T :§100 - \\ 1 ‘°§u
SO A BRI R EAEREBERE RO2E E | \_\ I8
%, EBURR R F b OB R R s, 2 O 183
Bl 5 iR . il AICtFeCuNi, i & &M IEE = sof \.\_ 17 &
L 038 3 L2 T 85 122 2 P B N )
33 AIZEX S F A N e
KRR T 4 & AL CrFeCuNi &0 & 4 5 RIRIR T A FCAE AR AL o388 1) 28 A R
NFE hEER, Hph & T EWNE IR Fig. 5 Young’s modulus and tensile strength at
x:1:1:1: L x4rMBCk 02, 0.5, 1.0, 2.0, 4.0, different temperatures

Al CrFeCuNi R 454 ALT I EE ZR 50 Bpa A5 DG 3 I IR 150 n A0 3 BT o

#*3 ALCrFeCuNi SBEEPAIBDEENETREFIH
Table 3 The number of different kinds of atoms of Al CrFeCuNi

X na/% n(Al) n(Cr) n(Fe) n(Cu) n(Ni)
0.2 4.76 4515 23 151 22920 22 980 22 434
0.5 11.11 10 929 21528 21423 21165 20 955
1.0 20.00 19 428 19 338 19419 18 870 18 945
2.0 33.33 32238 16 071 16 284 15 666 15741
4.0 50.00 47988 12 000 12 336 12 078 11598

M T i A A 7R RE L S BB AN, ASTR] AL 5 Y AL CrFeCuNi @i & & a2 EpE 22 7 i
Ko HEARFRET, XA Al % 5/ Al CrFeCuNi i & 4471501 sh 12 P a4, [ 6 45 1 T 7
IR JE T=100, 300, 600, 800, 1 000 K, Al & x=0.2, 0.4, 1.0, 2.0, 4.0 25/ F AR F1-Ri A £k . MIE 6
HR AL FERENRIE T, AL CrFeCuNi Sl & & AR DT T S AR L B B . i Ml By BE AN SA PR AR TE B B, # R
A5 0 S R 1 7 Bt AL B 0 10 I AR AP AN 7 8 TR AR TR T, 5 4% i 2k DA L Y BB 45 o 30 9
B BOF R AR D1 T — AW 0 T Rt 2, HLR B 3 T B 9 0 B BB AR T AL 5 S (9 38 i B A
[ ESF, Bl AL o 0380, WA N 7 % I 8 0 A8 0 7 R AT, 2R I R A 284 AR T B4 BE S 7 B /N A8 i AR
RbTF 46 e R, TE L A SRR B . AL SRR N2 R B0UA 4 M\ FCC A ) BCC M%7, 33X — % A8 58 fin
TEer A BRRE s, WSS, (RS 7 A AR, 5 3G A AR DG T PR BRI .

Wil 25 kT 3 =5, AL CrFeCuNi = i 6 4 194 [R5 FE RN ) 10 38 R R . R 4 T4 IR TEA
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Fig. 6 Stress-strain relations of Al CrFeCuNi under uniaxial tension loading at different temperatures

®4 ALCrFeCuNi A EETERE THMREENERN AN

Table4 Young’s modulus and yield stress of Al CrFeCuNi at different temperatures and different Al concentrations

7K Young’s modulus/GPa Yield stress/GPa
x=0.2 x=0.5 x=1.0 x=2.0 x=4.0 x=0.2 x=0.5 x=1.0 x=2.0 x=4.0
100 165.61 141.06 116.39 87.83 70.94 14.05 13.68 12.19 9.82 7.08
300 150.16 132.42 110.13 83.28 65.87 12.83 12.15 10.70 8.51 6.16
600 126.82 112.77 97.55 74.98 58.55 10.36 9.52 8.68 6.78 4.81
800 112.70 104.47 89.96 70.05 51.08 9.08 8.37 7.32 5.61 3.94
1 000 99.06 93.09 77.37 60.94 43.13 7.57 6.96 6.16 4.61 3.10
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Fig. 7 Young’s modulus (a) and yield stress (b) at different temperatures
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Mechanical Properties of AICrFeCuNi High Entropy Alloy:
A Molecular Dynamics Study

LI Jian'?, GUO Xiaoxuan'?, MA Shengguo'?, LI Zhigiang'?, XIN Hao'"

(1. Institute of Applied Mechanics, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China,
2. Shanxi Key Laboratory of Material Strength and Structural Impact, College of Mechanics,
Taiyuan University of Technology, Taiyuan 030024, Shanxi, China)

Abstract: High entropy alloy (HEA) has high strength, high hardness, high wear resistance and corrosion
resistance which traditional alloys do not have, and has broad application prospects. The mechanical
properties of AICrFeCuNi high Entropy Alloy (HEA) under axial loading were also studied in this paper.
Molecular dynamics method was used to simulate the experimental preparation process of HEA and establish
an atomic model. The mechanical properties of AlCrFeCuNi HEA at different temperatures and Al
concentrations were studied. The deformation process and the reasons for its high plasticity were analyzed
from the point of view of material science. The simulation results show that the AICrFeCuNi HEA
undergoes elastic deformation, yield and plastic deformation stages under tension loads. In the yield stage,
the appearance and growth of twins and stacking faults are one of the main reasons for the uneven plastic
deformation of the alloy. The analysis shows that the Young’s modulus and yield stress of the HEA decrease
linearly with the increase of Al concentration. The HEA have strong temperature effect. The lower the
temperature, the smaller the Al concentration, and the greater the decrease in Young’s modulus and yield
stress.

Keywords: high entropy alloy (HEA); molecular dynamics; tensile mechanical property; temperature

effect; aluminum concentration
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G550 W B0 A5 2 1) a-MgNg. B-MgN Fll »-MgNg #, Fr i3 4518 X i — L + & )8 e BA —Ew
%M1l
1 tEAT

K3 TR FREOC AL B 9 CALYPSO K F, X MgN, #7745 44 48 & U8, 58 ¥ FFl 2 0~ 100 GPa,
B MR P 2 A5 A 4 A5 I . X5 THE R I A 4548, i ] VASP 3G A T 454 A6, o fi ik v
(8] B AT e e B SR SR FH T SRR FE IR UL (GGA) T 1Y Perdew-Burke-Ernzerh( PBE ) 22 e Bz 2R U1, Jif§ %
FH 4 B 452 -1 1 7 kP, Mg TR A B 2p°3s”, NI 728 2572p° . i TR IETTHAR:
KB, {8 RE B WL SIORS BE /N T 1 meV/atom, 285 58 2 WSO IR, 75 301 T I8¢ 1) BT RE S 600 eV 5 — A1 FL
JH X A1 532K ] Monkhorst-Pack F4% 77, WIAS BT EE R 0.2 nm's Pefbad B2 v, 76 80 R 2 [R]HEAS 2lc AR 1Y
TEOLT, T 107 eV A e IS e /IME, AL J7 W Shi5 o 0.001 eV/A L X T LAk B 45,
feit B & M A 5 2%, AL H] PHONOPY AR {15575 1 B O R S 128 %5 B2, B BUR [R] i 9 L BORT & o
MRS : a-MgNg FHR 1 x 1 x 117 x 7 x 6; B-MgNg #H R 2 x 2 x 4 F1 6 x 6 x 9; »-MgNg #HA 3 x 1 x 1 Fl 9 x
5% 4, {fi /] VASP A3 113 oL Ry Bl R 45

2 HRSHIR

2.1 @SB

iz | CALYPSO #4482, 7E 0~ 100 GPa H 3 i [ P4, X F00 1 1) MgNg & (A 25 44 217 i 4 i %K
R 700 B AL, B RN e IR N 0 K, RIE G = H - 7S(G A Al A hfE, H kG, T iR,
SR, aTLARIE AR RGN A A, @l TR0k S 45 0 04 RS (R SR I AR AR 06 R 1T AR B R A
SER IR SRR X ] o 28t kS 22 Bt s AR fL A 2R an &1 1 s . i IED 1(a) AT FE R R R, &8
[ FE A PA/mbm (/) MgNy i A 454 B X5 fH 55 AIK, 120 a-MgNg Al 2 3R IK 3] 24.3 GPa i), 25 [A1 Ry
P4/mnc B SR SE R HA ALK E, ic 0 B-MgNg Al 24585 5] 68.3 GPa i, 25 [A1 B Cmem B9 51K
ZEMIBE R AR, 10K -MgN A & 1(0) 4511 T a-MgNy. B-MgN, Fl 3-MgN, A Fi4 5 1A B i 548 174 72
fbo A3 BT AT AT: a-MgNg AH I A LA B B 5 e 5 04 385 T I /), LR R s i 38 8228 s 4 e 5 ok 3]
24.3 GPa i}, MgN, & B R FUH4R, JH45 35k 18.87%; 7E 68.3 GPa I, & Ak 45 H A8, 1R FLIE 4 % hy
2.62%; W UAHALZ Y J& T — AR o

240
4k —&— o-phase P4/mbm —4— a-phase P4/mbm
—@— [-phase P4/mnc 220 —®— f-phase P4/mnc
oL —&— y-phase Cmcm 200 —&— y-phase Cmcm
0 -, 1801
> <
) g 160t <~ 18.87%
5 24.3 GPa =
4l 2 140t
6 120 1
r 68.3 GPa 100 b
0 20 40 60 80 100 0 10 20 30 40 50 60 70 80 90 100
Pressure/GPa Pressure/GPa
(a) Thermodynamic enthalpy difference curve (b) Volume vs. pressure

1 MgN, f5 252 Ll B a-MgN,. f-MgNq. »-MgN, FARFRIE L 558 Y25k 6 2
Fig. 1 Calculated enthalpies per formula unit of pressure of MgN; and the
calculated volume versus pressure of a-MgNg, f-MgN; and »-MgNg

a-MgNg ., B-MgNg Fl y-MgN, 1) 5 R 45 44 UL 1] 2, LV 7 25 5 4 0 B0 0L K 1 o B 05 B 80 T
F1AFE 2,
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(a) a-MgN; at 0 GPa (b) f-MgN; at 24.3 GPa (c) y-MgN; at 68.3 GPa

2 a-MgNy, S-MgN, Fl 5-MgN, IR fh ik L5+
Fig. 2 Crystal structures of a-MgNg, f-MgN; and 3-MgN,

=1 a-MgNy f-MgN, #1 )-MgN, B P &SRR ER

Table 1 Lattice parameters of a-MgN,, f-MgN, and »-MgN; in the equilibrium state

O Mg
oN

L.

Phase Pressure/GPa a/A b/A c/A a/(°) BIC) 7(°)
a-MgNy (P4/mbm) 0 5913 5913 6.572 90.0 90.0 90.0
B-MgN, (P4/mnc) 243 6.219 6.219 3.724 90.0 90.0 90.0

»-MgN (Cmem) 68.3 4.167 4.167 8.680 90.0 90.0 51.1

%+ 2 a-MgN,, f-MgN, #1 )-MgN, M L ES B ERMEFAE

Table 2 Lattice parameters and atomic coordinate of a-MgN,, /-MgN, and )-MgN; in the equilibrium state

Phase Pressure/GPa Atoms Wyckoff position X v z
Mg 2b 0.000 0.000 0.500
N1 2a 0.000 0.000 0.000
N2 2¢ 0.000 0.500 0.500
a-MgNg (P4/mbm) 0

N3 4e 0.000 0.000 0.821
N4 4f 0.000 0.500 0.915
N5 4h 0.859 0.359 0.500
Mg 2a 0.000 0.000 1.000

S-MgN, (P4/mnc) 24.3
N 161 0.416 0.219 0.823
Mg 8g 0.624 -0.376 1.250
7-MgN; (Cmcm) 68.3 N1 16h 0.226 -0.135 0.617
N2 16h 1.115 0.471 1.386

&l 2(a) T BI45H 0 GPa FARALJS 19 a-MgNg #HEZE# . 78 a-MgN, M 45, 41> Mg J57 1 1%
6 ™ N TG [, #4 /N R gs 4 . Hofr, Mg-N 18K A 2 28 — 2802l Mg R 5 /N miA L R T
FIPIAS N AHE, B 2.280 A; 55— 2 o i Mg 7 5 VA L4 4 4> N, 3K 2.109 A
a-MgN, A AR G5 H 5 a=b=5913 A, c=6.572 A, a = = »=90.0°, i, Mg JF T Wyckoff
£ 24 2b (0.000, 0.000, 0.500), N Ji2 ¥ Wyckoff i i 43514 2a (0.000, 0.000, 0.000). 2¢ (0.000, 0.500,

0.500). 4e (0.000, 0.000, 0.821). 4f (0.000, 0.500, 0.915) I 4h (0.859, 0.359, 0.500), [&] 2(b) i 77 [ 45 #4)

24.3 GPa FHLALJG 1) B-MgNg AHEE R . FEIZE5 /I, B4 Mg 78k 8 > N AL [H, 8 32 Mg—N 4

BERAH A, S 2.184 A, MY RLIE S TR . ZE5 M0 RS W 8 a=b=6219A,c=3.724 A, 0= = y=
90.0°, Hrr, Mg JE T (15 Wyckoff (1 {7 & 2a (0.000, 0.000, 1.000), N JEL-F Wyckoff (1 i 16i (0.416, 0.219,

0.823), & 2(c) TR BYZE#) A 68.3 GPa T AL ALJGE ) 9~-MgN, AHE5H . 7RI ZE T, B4 Mg 5 8 4

011102-3



o34 % = JE LY} L 2 Eitd 1

N A, A RS TR R . ANTAR T 8 52 Mg-N #A 2 Al K. 4 % 2.081 A4 % 2.069 A, %45
P G R SE A M 8. a = 4.167 A, b=4.167 A, c =8.680 A, a = f=90.0°, y=51.1°, Hrf, Mg J5 71
Wyckoff 57 4 8g (0.624, —0.376, 1.250), N J&i-F Wyckoff /543 % & 16h (0.226, —0.135, 0.617) Al
16h (1.115, 0.471, 1.386).

2.2 TN A MgN, B RS iRE
W R T EEOCR, ol LU S ks 45 H 5 B s e ek . s a5 BT s Ty e e 1k

1% ) T 2 2, I T L P R AT Ry A FR % S (B, I SRR R, gl vl DU BE 45 4t B 1 7 1 b
BAR, AR A MATRE . THE T BN EE R AR R MR A, WA 3 R

45

== 50

of — T E T
60 r 36 !— 40 -l
= S0 M I f == T~
> : | —Ng >, 27 + Y = 30 NI
S 40 5 = 9 — ~
5 5 N1 = =—|
E30( S8l | e =it 220 —
2 2 =7 = 2 —
= 20 k — = = e =
9 LA\ 10
10 — ZNERE
) e
0 ! 0 . 0 )
Z AM I' ZRX I 08 1.6 Z A M T ZR XG 0816 rz TYS XU R 08 1.6
PHDOS PHDOS PHDOS
(a) a-MgN; at 0 GPa (b) f-MgN; at 24.3 GPa (c) y-MgN; at 68.3 GPa

13 a-MgN,. S-MgN,. y-MeN, M7 (G 5 RIS 7 258
Fig. 3 Phonon-dispersion curves and the phonon density of states of a-MgNg, f-MgN; and »-MgNg

H1 [l 3(a) AI %1, 0 GPa B a-MgNg AH 758 AN HLIH XK B0 F Bl 4, i Wz A A 3l ) 288
FETE, B REA AR A 71.35 THz. & 3(b) F1E 3(c) AT %0, 24.3 GPa £l 68.3 GPa I, g-MgN, Al
»-MgN, A 5A ) T 2= F80e 1, o Rot2= SO0 3853 512 44.64 THz F1 45.63 THz.

2.3 FMAY MgN, & (R 45 4 B B F 14 R

T PRGN AT B MgN &R 25 0 i B 1P BT, 43 Y T o-MgNg #H7E 0 GPa. -MgN; fH7E
24.3 GPa il y-MgN, AHTE 68.3 GPa i (1Y g7 45 F4 Fl L 8% B, A&l 4 I .

HY BE T A] 0, 58 0 GPa I, o-MgNg Al Y 327l 5 00 Z (8] 3.093 eV (17 B, 3R W1IZ A 45 14 2
A AR 4R ; 24 558 N 24.3 GPa il 68.3 GPa I}, f-MgN, Fil »-MgN, #H (-S4 55 44 15 8 2% K 1 & A2 A8
B, RIS HA £ B

LT 2S5 B 4G S AT R, a-MgNy. f-MgN, Fll 9-MgN, AH 2% K fE b il i 7 25 95 1 1 8 il
N Ji 51 p BUIE TR, 1 N B0 s BUIE T Mg BT 19 s, p U X i 8% B /Y stk A X 50 o N R
T p LB S s LB Z RIFTEZAL, TR T N—N a4

J T HESE a-MgNg. B-MgNg Fll y-MgNg AH i 74 25 K4 14 4k 27 4, TH3 T 3% 3 S AH 19 B 7 Ry 8o 250
(Electron localization function, ELF) ™, 41 & 5 ffi~ .

& 5(a) R T a-MgNg 5 1) =4k i+ SRy 3 pR 20 . a-MgNg A N - 2Z [ T8 5 N2 F1 N3, Horr,
N2 A N - Z [RUAALE L R, B R 7 R0 6, K 1.116 A, P N5 141 A 78 IR HL 1
N3 Hr ] ) N g 5 AR A N R Z B AA R H - T8 A N3 S pi g, HE 7351 1178 A
A1 1.182 A, N3 PN ) N Ji— Ji BBl A7 7E IO L - 3 3 i N-NBEE A9 S A T N=N =48 (1.10 A) I
N=N W4k (1.25 A) Z 8], & 5(b) B T RN 24.3 GPa I} B-MgN, 45 ¥ 1) = 4 By 7 J5 B ek 8, 1% AH
N R T Z A8 AR 454, 30 N JRF 50 WA N IR Z B354 7 Rk, T8 st o 4, sk
1.308 AR 1.316 A, 3X FiFP N-N 4 A 8K A T N=N U (1.25 A) A1 N—N 2 (1.45 A) Z 8. & 5(c)
R 68.3 GPa ¥ »-MgNg 511 = 4l T Jmy 3 pR 8. il S5(c) T 1, N R T 2 [ B iR 254, B4
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N JEF 5 MEB A A N B 7 Z [B 4 B F Rk, 2 s e 58, 8K 1.282, 1.297 A1 1.319 A, 3 F
N-N &R A F N=N BUEE(1.25 A) AT N—N Huid (1.45 A) Z1a] . Hed LR 3 A N B 75K s ]
DU ER, BAHFN o AH ) N-N ST 25 5 Wi 24, BEic s Ram p e 1, DT RS A VR B i BE 1 2 Ak

6 Band gap is 3.093 eV 10
4 == 6 F
2+ > \ —Mgyp
> 2 2=
S ol d =N = N ==
= - -
Rl . 572
|
-6 % ~10 k % = =
-8 - S Z A M I ZR XTI 1 2 3 435
zZ A M I Z R X I' 2 4 6 810 DOS/(states/
DOS/(states/ev) (states/ev)
(a) a-phase at 0 GPa (b) p-phase at 24.3 GPa
6
4
> 2
EB 0k
L«;g -2
_4 =
-6
8 S XU R2 6 1014 18
DOS/(states/ev)
(c) y-phase at 68.3 GPa

Bl 4 a-MgNjy., f-MgNg, -MgN, H R AET 25 F L T 2525 1
Fig. 4 Band structure and partial density of states of a-MgN;, f-MgN; and »-MgN,

% o
-

(c) y-MgN; at 68.3 GPa

)~

Ca— -
(d) a-MgN; at 0 GPa (e) p-MgN; at 24.3 GPa (f) -MgN; at 68.3 GPa

E'5  a-MgN,. f-MgN,. »MgN, AT Rl sk
Fig. 5 Electron localization function of a-MgN, f-MgN; and 3-MgN,
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K 5(d). 181 5(e). 18] 5(f) I MgN, AR 3 FAH BLF A9~ 4E ] i 141, 5 A% D11 2350 26 (010). (110) Fil
(010), ELF f$EEH  0~1, ELF = 1 R/n L F 582 Rk, ELF = 0 3R/R ML 50 42 55 3 fb sl iz b v
HHTF . IWE 5. E 5. B 50 HrrLLIEH: £ Mg 515 N 7 2 [0 7476 1 R, F B N R+
BiF 3 X 8 ) ELF {EH230T 1, S e BE Ry A i 70 A1, 600 Mg 5155 N 7 Z (AL AE A A PR S f B s N Dt
F5 N JF Z [ R 1) ELF {E 4230 1, 20 N 75 N R 2 [AAE7E 3L

T I WA AR N R 5 Mg R Z A H S L, 11 T Bader ML AE RS Y, THESE LI
30 N T MR F Mg JR 7, 5N 705 | 7 RE ) B iE, Mg JR 15 N JE 7 22 (8] L ff 7% 55
Bt 3 Mg R T, 2 E RN JE T 24JESR 4 0 GPa I, a-MgN, #1454 Mg J5 1~ 1) J& Bl N JBE - A H e
RN 1.74e. W T AP N R FALE Mg 7 FAHiE, IIE AL T N2 Fl N3 4544, N2 5 N3 4549 1)
FEAE BN T BE T DUE R 32 32, B0k B Mg JRF A H A N 7 B gy, SORT RUYE Ry ite 32, % i for 7
R4 HoAMh N R 75 X 58 Ry 24.3 GPa i, B-MgN AH i1 41> Mg Ji 7 1] Ji] Bl NJEF (9 FL i 5 B8 R 1.94e;
MR A 68.3 GPa I}, y-MgNg AH Hh &2 Mg Jit - ] Jil il N Ji 09 FLfar 55 45 8 2.20e, HHUL AT UL, BlE &
SERAIG N, e S AL B WG £ .

3 a-MgN; f-MgN,. )-MgN, HHE R
Table 3 Calculated Bader charges of a-MgNy, /-MgN; and )-MgN,

Phase Pressure/GPa Atoms Number Charge value/e Charge transfer/e
Mg 1 6.26 1.74
N1 1 4.84 0.16
N2 1 4.86 0.13
a-MgN (P4/mbm) 0

N3 2 5.04 —0.04
N4 2 5.46 —0.46
N5 2 5.52 -0.52
Mg 1 6.06 1.94

S-MgN; (P4/mnc) 243
N 8 5.24 —-0.24
Mg 1 5.80 2.20
7-MgN (Cmcem) 68.3 N1 4 5.28 -0.28
N2 4 527 —0.27

3 =A -\L%

iz ] CALYPASO #AF I 456 %5 BE 1z pR B 55 — PR JE R H8 5 16, X MgNg 1Y A AR 4544 147 Tl
[F] B 0T T 75 1 0 S AR S5 A AT T A5 A0k . ST ER WL 7E 0~100 GPa JuIE N, 3 M AH AR AZ 751 R
P4/mbm— P4/mnc—Cmcem; Wi A S L R oy, AR B K AR W8, U 53853001 R 18.87% il 2.62%. HL -1
JRHF 5T 22 . o-MgNg FHE5 0 LA AR 4 @ 1, WP B R 3.093 eV; f-MgN, il »-MgN, A1 4544 A7 IF i 1 4 s
P B REREE R, Mg IR 5 N R Z 8 s L0 5, N R 5 N 2 DR e, &%
B-MgN; Fll y-MgN Al 5358 & FIEAERE MR, A 5 8k = 58 & %5 B AP BHI % L . Bader ML far 5 #5155 45
R, N JFFHA A H 7 M, Mg 15 N R Z 0 i R i o0 Mg JiF, Z W N 76
a-MgNg. B-MgN,. »-MgNg 25, B~ Mg B 7 ] J&] Bl N 09 L far 5% 82 000l o0 1.74e. 1.94e I
2.20e, R Ffi He i 038 I, ro AT 4% B3 2 0 FSR 45 R W] LUA IS + 4 8 A b ik — D it s 4 it 2%
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Theoretical Simulation and Physical Properties of MgN,
Crystal Structure under High Pressure

MIAO Yu', LIU Siyuan', MA Xuejiao', JIN Zhexue®

(1. Department of Physics, Yanbian University, Yanji 133000, Jilin, China;
2. Department of Engineering, Yanbian University, Yanji 133000, Jilin, China)

Abstract: Based on the first principle of density functional theory, the crystal structure of MgN, was
predicted in the pressure range of 0—100 GPa by using CALYPSO structure search technique and VASP
software. After systematically studying the predicted structure, it was found that the enthalpy of a-MgN;
crystal with space group P4/mbm was the lowest at ambient pressure. The phase was changed to f-MgN;
phase of P4/mnc and p-MgN; phase of Cmcm when the pressure reached 24.3 GPa and 68.3 GPa,
respectively. And both of the phase transitions were the first order phase transition of corresponding volume
collapse. The calculated results of electronic properties suggested that the existence of a band gap of 3.09 eV
between the conduction band and valence band of a-MgN; phase revealed the non-gold properties of the
structure, whereas the obvious metal characteristics appeared in the f-MgN; phase and )-MgN; phase. Bader
charge transfer calculation showed that the charge which transferred from Mg atom to N atom, increased
gradually with the increase of pressure.

Keywords: high pressure; first-principles; crystal structure prediction; MgN,; charge transfer; phase

transition
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Elastic Properties of HBT Crystal under High Pressure
LI Zuo, ZHANG Fengling, LIAO Dalin

(School of Science, Guizhou University of Engineering Science, Bijie 551700, Guizhou, China)

Abstract: The lattice constants, elastic and anisotropy properties of HBT crystals at normal and high
pressure were investigated by using the first-principle method based on density functional theory. The
anisotropic properties of HBT crystal under high pressure were studied by using three different theoretical
models. The results show that the elastic constant and elastic modulus of HBT crystal increase significantly
under high pressure, and HBT crystal shows high-pressure toughness. Simultaneously, HBT crystal has large
elastic modulus and mechanical anisotropy under high pressure. With increasing pressure, the extent of
anisotropy of HBT crystal decreases. In addition, the thermodynamic properties show that HBT crystal has a
higher Debye temperature, which increases with increasing pressure.

Keywords: HBT crystal; high pressure; elastic properties; anisotropic
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Fig. 1 Macro structure of adult phyllostachys pubescens (a) and mesoscopic structure of
bamboo wall section (b), three cross sections representing 1/4 part (c)
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Fig.2 Schematic of the lattice structure: (a) original BCC structure, (b) hollow structure, (c) type I structure, (d) type II structure
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Table 1 Physical parameters of the lattice structure

Lattice Relative . Cross-sectional . Minimum
structure  density/% Diameter/mm area/mm’ Thickness/mm thickness/mm
13 1.66
Original 15 1.81
structure 19 2.08
22 2.25
13 26.56 0.35
Hollow 15 30.88 0.41
structure 19 38.56 0.54
22 43.58 0.64
13 24.07 0.06
Type | 15 27.80 0.07
structure 19 36.64 0.10
22 41.92 0.12
13 23.84 0.10
Type 1I 15 28.22 0.13
structure 19 36.13 0.17
22 41.41 0.20
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Fig. 3 Quasi-static compression finite element
model of lattice structure
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(a) Original BCC structure (b) Hollow structure (c) Type T structure (d) Type Tl structure
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Fig. 4 Grid models of four structures
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Fig. 5 Sensitivity analysis of grid size
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(a) BF superimposed structure (b) Comparison of quasi-static compression test and
made by SLM numerical simulation results
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Fig. 6 Validated samples and comparison of the experiments and numerical simulations
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Fig. 7 Stress-strain curves of lattice structure under four relative densities
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Table 2 Energy absorption and specific energy absorption of lattice structure at 0 < £< 0.4

Lattice structure Mass/g E,/MJ Eg,/MJ-g™h
7.98 48.13 6.03
9.53 54.39 5.71
Original structure
12.21 68.51 5.62
13.98 81.72 5.85
8.14 78.13 9.60
9.55 86.58 9.07
Hollow structure
12.23 105.68 8.64
14.04 114.65 8.17
8.14 78.62 9.66
Type I structure
9.40 88.14 9.38
12.39 97.83 7.90
Type I structure
14.16 105.64 7.46
8.04 79.21 9.85
9.58 87.29 9.11
Type Il structure
12.26 99.52 8.12
14.04 103.16 7.35
140 12
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120 | EE p=15% 10 +
& p=19% Q 4
100 t p=22% % X
o 8 Q X
= - 2
2 80 N L o
N 60+ =
- gt % Original BCC structure
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20 \ 2t + Type [ structure
A o Type Il structure
\ yp
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Hollow  Type | 12 14 16 18 20 22
Relative density/%
9 4 Fl S AK AR O RE R U 10 4 Fh ks S5 1Y LI BE
Fig. 9 Energy absorption of four lattice structures Fig. 10  Specific energy absorption of the

four lattice structures
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Fig. 11 The deformation mode and strain nephogram
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Numerical Simulation of Quasi-Static Compression and Energy
Absorption of Bionic BCC Structure

WU Wei', ZHANG Hui', CAO Meiwen’, ZHANG Xia?, CHEN Fei?, LIANG Qingxiang', CHANG Chao'

(1. Department of Mechanics, College of Applied Science, Taiyuan University of Science and Technology,
Taiyuan 030008, Shanxi, China;
2. Shanxi Diesel Engine Industry Co., Ltd., Datong 037036, Shanxi, China)

Abstract: The lattice structure is widely used in aerospace, military, and other fields due to its lightweight
and excellent energy absorption. This article mainly studies the energy absorption of the bionic BCC (body-
centered cubic) structure and discusses its influence by the cross-sectional morphology. In this paper, three
different BCC bionic bamboo lattice structures are designed based on the macro-structure and meso-structure
of Phyllostachys pubescens. Additionally, the axial compression numerical simulation is carried out on the
bionic bamboo lattice structures and original BCC lattice structure, respectively. The results show that both
the energy absorption and specific energy absorption of the bionic bamboo lattice structures under quasi-
static load are improved by more than 25% compared with the original BCC structure. However, the energy
absorption and specific energy absorption of the three bionic bamboo lattice structures are similar. It is also
indicated that the relative density of the structure has great influence on its energy absorption and specific
energy absorption. During the compression process of the bionic BCC structure, there are wrinkles and
collapses inside, which might be an important reason for the stable energy absorption of the bionic structure.

Keywords: bionic bamboo structure; body centered cubic lattice structure; energy absorption; numerical

simulation
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Table 2 Numerical results of models corresponding to different friction coefficients

. . Maximum shear Maximum normal Maximum equivalent Maximum
Friction coefficient . . .
strain strain strain force/N
0.025 0.740 -0.331 0.741 8 899.73
0.050 0.697 —0.263 0.625 9 566.97
0.100 0.651 -0.212 0.553 10 001.50
Relative maximum difference 13.7% 56.1% 34.0% 12.4%
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Table 3 Euler angle of characteristic grains

Grain number @/(°) Q) 2,/(°) Grain number /(%) wl(®) 2,/(°)
1 69.24 167.34 8.61 9 334.93 38.19 29.33
2 44.05 92.39 45.56 10 30.45 127.11 356.19
3 356.63 154.92 76.61 11 59.93 105.73 313.11
4 305.74 23.07 333.37 12 88.45 166.05 33.32
5 45.14 101.42 64.90 13 74.86 154.71 302.25
6 282.88 86.40 282.11 14 76.35 51.48 307.37
7 350.37 146.78 286.51 15 79.65 77.10 351.57
8 49.77 3.76 329.80 16 357.28 56.00 72.22
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P e 2T SR BT A0, & B PROT B B AR — 2 R Fig. 14 Models with different number of elements

024203-7



34 4

1

g

o5 2 1

Bt VRN 7 B A TR 25 52

K16 g 3 AU [a] f A 48 2.5 mm B WA fi Al L 225 i A9 2 8% -3 f i k. AT DL, 3 20 il £ 2L 3k
FEAAL, AESEAEA R 282 T, 80 K/ & T B 0K H B0A A W A9 LA, SH AL TR 46 28 2.5 mm I, 3 21
o TR AT 14 e R AR X O 22 29 6.97 %, W3 4 i o &1 17 S 3 ALASE SR AR A 0 A ] 37 5 Ak ok B
Mises Ji )-S5 80N £ i [&] 17 4 18R L, BRoC ROS) KO H 28 A0 S 8803 MR 1Y) ok I IR —
255, Mises IV JJ 75 A 25 5 LU AT A 5 3 2% 1T 2k A0 3 9 0 AR — B0, BB VR 20 i 22 S i . DA B3R
B, 24 e H RS AR AR A, 3 2H TR A [+ 7 Ak deohr 9 JE IR 52 B — i 8 BE (R 5 W, D DR 46
S FE ) AR A5 R R R ] )R A A T O, L e A ) R Bk 2R A A, B T e A

s A R I T WA

Mises stress/MPa
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Mises stress/MPa
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Fig. 15 Mises deformation nephograms of models with different numbers of elements
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E 16 2ATTHT BRI BT B AT - AL 1 25 17

Fig. 16 Force-displacement curves of models

with different numbers of elements

AR 0 S0 Meises I )-8 B 25 28

Fig. 17 Mises stress-equivalent strain curve of grains at the

same position in the chute

R4 BRHETRMERREEFEEEES THHREGRESE KA RE
Table 4 Loads of the model with different numbers of elements at different
compression distance and their maximum relative differences

Load/N
Number of elements
1.0 mm 1.4 mm 1.8 mm 2.5 mm
8 026 =7 790.82 -8 180.42 -8 469.96 -8 726.07
14 604 —7487.38 =7 824.37 -8 008.19 -8 157.61
23 835 =7 669.64 -8 038.55 -8 270.62 -8 436.06
Maximum relative difference 4.05% 4.55% 5.77% 6.97%

2.6 BRITABNRIUG R

T PRI EICIE Y (4 5 R I AR B T RO R R DX ST R 2 093 ¢ I T PR B TR L

E/
3/

M)
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Fig. 18 Mises deformation nephogram of the model with two element types
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Fig. 19 Top surface force-displacement curve of SFEJ Mises i 7 - P35 2500 A2 il 24
model with two element types Fig. 20 Average Mises stress-strain curves of the sloped part
of the model with two element types
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Finite Element Calculation of Polycrystalline Shear-Compression
Specimens with Static Loading

ZHAO Weiye'**, ZHAO Dan'*?, LU Pin'*?, JIN Tao'*?, MA Shengguo'**

(1. Institute of Applied Mechanics, School of Mechanical and Vehicle Engineering,
Taiyuan University of Technology, Taiyuan 030024, Shanxi, China;
2. Shanxi Key Laboratory of Material Strength & Structural Impact, Taiyuan 030024, Shanxi, China;
3. Taiyuan University of Technology Mechanics National Experimental Teaching Demonstration Center,

Taiyuan 030024, Shanxi, China)

Abstract: The effect of crystal texture on the numerical results was studied based on the theory of crystal

plasticity, and the polycrystalline compression shear sample (SCS) model with texture was established. The

influence of micro-grain on the macroscopic mechanical properties in the process of finite deformation under

static loading condition was studied in terms of material and sample structure. Because of the particularity of

model geometry, the stress, strain and deformation characteristics of skewed slot were computed.

Considering the effect of friction on the specimen during compression, the influence of friction coefficients

on the deformation process was analyzed numerically. The influences of grain number, element number and

element type on the mechanical properties of polycrystalline compression shear model under the same

friction coefficient were calculated. The stress states of grain with different orientations in key parts of the

specimen were also studied.

Keywords: polycrystalline; crystal texture; crystal plasticity; shear-compression; friction coefficient
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