WaATHE 4 HBEERMBE1E Vol.47, No.4
2018 4 4H RARE METAL MATERIALS AND ENGINEERING April 2018

2AEMIREALE S M AR B L RE TRk 5 4

&4, A, A, kR, HOR?
(1. R TR KB TRR, Wit A% E 050003)
Q. M TR FHS R TR, Wik AKE 050003)
(. FEMC TR EAh, Wk A KA 050003)
4. HE RS 78638 FEIA, PO A1 618419)

 F: AEHERBOAL Eshelby 5K EA N H 8, WARNTAR, B vh H0 b R AR BRURL 4 D M EROB EAT 20T . SRR
M4 v UKL I Al D R B A R, R b T Ao 7 A B 5 R AT AR TR IR o G B Vv BT LR B 1 AR AR R
KiLIf) Eshelby 5k i #1573 Eshelby 7K 4t, 547 FROCH: A0 LLBAE T 20 45 R o viaf vt o 7ESLIEAE b, KR4 AT B B
M THE M T AR ER B AR X A 2 PEREROSE I, JF 0 17 P ERBOREAS S EBORL B T ATk o SR o, BE ik
TS Eshelby R BERE e, g X6 B Ak A8 e 1) A1 W R 0N 25 20 A i R URE A2 RTAT 189 T A bR ABORE X A4 ORI BE S i SR, s

TR Ay B ABLERD o A BR AT T R I K R SR IR 8 2

KEEIR: TiB, By #e; ARMHERBUKL; 134 Eshelby 5K, A RFPEVERE

PEESES: TB332 XHERFRIRAD: A

XEHS: 1002-185X(2018)04-1149-05

SR 386 5 2 45 AR R TIN5 RL AW ) 2
WFFC 0 T 7 1, ORI 9 53 G A RL A1 A D 2 ) e
WU GE Y . 1957 4F Eshelby! MIEH] T 24 3%
AT AR Ry R B & e v N AR 49 5] 3K — T B 4 R A A
PRSURL Y 552 A5 MR} i) b R P T AR, IR T
SR T 2R O R TR S, W AR . M-T
o AHEAEH B THESE . BIHRT N IE, JLTHTH
(1025 JURLAA ) B AT T 410 A2 5 R 1] £ S W R R A T 1
W,

TiC-TiB, B &2 —Fop I stk e %, JEHa2
Pk 220, o TiB, £ DUk PRI B TIR A
FAUT TIC-TiB, H & MR, ESLhrdtklrh, K2 H0mik
HATRBUAGARAT LR, B0 AS 2 A Bk TR
B, RIS R 2 AR B TG, R (0 A Y A
WA, K& A RAE T ", JuIL
RIS, AT R BN b RE E AR

AR A SR ORI 1) 8 AT B 2 I 9, LR R AR R
HOENHEZN, AR TaS TR, it
— TR RN R . Zoul® R I AT L1 00 fif ik, R
T SRR o AR BT S RO I, A5 B T VR 2 R
JEARBURL Eshelby il 8 (¥ i 47 fi# . Huang 5%t 59
A5 /BR T UKL Y] Eshelby 5K #AB AT THEFL, #3307

fs HEA: 2017-04-15
E&ME: ExARRERSE (11272355
EEGN: ot B,

55 EER AT = AR JBURL (1K) Eshelby 5K & R1SE 5k &
I B REER AR TN BRICHEAT T X EE, 6 T & KB
RIURL B 58 5 A A RHAR DG 0] 81 40 00 ) 0 L LA TR
PR N . N T 2Rk, SCHR[12-15155 3517 TIRA
W, JERILT IE 2 U JE UKL Eshelby 5K 5 ) — 28 5 kF
Peo Zou'"iE FHR T L0 R, Y4 F PR T R
AT 25 255 Ay R 2 SR £ °F-24) Eshelby i), e KR 25 T4
F 65.78%, FRithH, AN fe bl R R B R EURL IR SF 1
Eshelby 7K f& HIUT U AR ER ) Eshelby 5K S

AT 5K AR RBORL S 2 GERR R e T MURL/ R 2%
T S I HE T A R LR EREERRBURLIY) Eshelby 7K
M35 Eshelby ki, ki B SRR TR0 A BHE
SR I B ) RE WA, T R AR BROBURE B8 4 5 o A
BRIVERPE B 22, FF LA AERAER TiB, WOk 5 & 44 kL
IR RA R S5 P e AT TR

1 {EE I Eshelby 5k 2 & H A R 7T iE

TEBR X 5k D o Jj 8 D3 Q P 7 AR 38 A ) AR SR
AR (ARAENAE) &', BT QAMLITERAAM LN,
HEAGAPEAR P RN AS & HAGENAS e R R R

e=M¢’ (D
b, M HCh Eshelby 5K . 55446 BHE BRI RO

1986 4FA4E, b, BT 2B OB TR, Wb A 050003, E-mail: fywoec@163.com



« 1150 » W& MRS TR

%847 %

AR, Wl 20 i ) " i A M R 2, AT x

A 1¥) Eshelby ik 1] LLR 7R A
M, (x)=F, ()C,, (2)

ipq

Kb, FL (0=

ypq

0G,(y) 0G
- j{ o), W(y)} m,(x)AS(x') » G, (3)
KRB E, y=x-x", m(x") NPUOR R x4k
BN IT I, Co MR SR, S AT
F, () KA LIRS 7, (o) B, () IOTE R,
F(x)= (1- 2v)(5ik‘]/'l+5/'k‘]il) 5{,*]/{/4'3[:/

(3)
ipg 164(1-v)

e, Jy 0= ‘;37'1,(x')d5'(x') Ly(0)= jy} M)
fy Eshelby K XT?EIE?H‘EHE%HJ, Eshelby ;&%wﬁ

MR, SR SRR A B, 45 ORI 1 1 2 4
r=r(0,p) (4)
LIPSPR2AIPY

_(or(0.p) or(6.0)) [lor0.0) Or@.0)| (s,
00 op 00 o
BB BT
ds =EG-F*d6de (6)
o E:(arl(e,(p)y+(arz<9,¢>j2+[ae<e,¢>)2
00 00 00

£ 0i0.0) &(0.0) :0.0) H©0.9) 0.9 HO.p)

00 op 00 Oop 00 O

_ [ar]w,so)jz +[arz<e,¢)]2 {ars(e,co)jz o
op op op
AU HE T J0RE 4 1), JORE TR RI AR AR R I 1] 1
I
HETHT 05 BRABKR R (S BT RE N
X, = Rsingcos0
X, = Rsingsing D)
{XS =Rcosg
B a HHERETERI AR, 50 ca O3
HAR IR, 0T X iE R S

930 A HE TR

&)

R=——"753"—— (8)
cosg+c;/asing
x3 FEERIEE Y
= (9)

- cosp—c,/asing

AR e 70 B K356 A v L 163 UKL P 7 A 24 2 g A
PEMAS, £ MATLAB ' 4 5 H 5C R 7 2847 £ (A

I3 o UKL P RURIURE B 35 R 1 ) 37 5 A R e 45 R0 e

e

—

K1 SRR J AR bR R

Fig.1 Double-circular cone and its coordinate systerm

Bl 2 s B 2@ BRI LR B, AR B
Eshelby 5k & R AR =k 12 .

2 DREHINESHRINBMNE

LA A S A W, ORI AEREER N, UKL Y
) e R AR A, JE AR A b, ) B v ]
o WA APEREAT —E RS, ELHORE A BK ] AL 1
BRUEAT A BB Hr AT e AR BOR I R 22, R SCRR
P ARMEER UKL Eshelby 7K 5 £ {H 45 R0k b 23 Bt S B i
75 WIT M AR EAEA TR R A TB A K
HURF i, ASCH IR EM T SRR AT R BE . 70

= FEM a
Numerical

b
O
g
b@
2+
= FEM
Numerical
-3 L L L L L
00 05 10 15 20 25 30

X,
3

K2 Bk g RS RIoss Rt
Fig.2 Comparison of stress between the numerical result and the

FEM result: (a) o33 in axis 1 and (b) o33 in axis 3



o5 410

B B ARRTERBUR & A MBI Rk RETIUR 20T 1151«

AP RSORL T DRO6F 7 R0k fie 114 5% i R A3

B AR ARG VR RO WIRE S €, %A
S GE £ RN C, BRI, I k25 o — E [ 1
L (R AA R I 25 28 NI BE

C. =(S,+H)"' (10
Hrh, H=(1-YQH!Y'H', H' =Y [f(H'+2)"],
H'=YH', @=CU-M), H=S-S,, '} i
TR i BRALEORL, 0 RoRIEAR, QORI A
TEWIEE, H, oW ZRFERE, S, HHARTE, 1 RhHA0E
B, C, S, o0 BN SR i ORI B R 2 B B, HA
S, =C", fONH i RPN RS s, MO i R
T °F¥) Eshelby k&, X TARMGERMURL, Wit %
H 705

M, = ! [ M,,.47 (11)

Vol(Q)

Hp, Vol(Q) Jy Bk X 3 Q AR, XF T1% TiB, iIXFE
7S B A RORE, B AR o LU AR IR M, 3 L3 ok SR
“R¥%7% (Monte Carlo) T3 2 EHIS> o X T HEERBR
Eshelby 5K i Jy 50, 133 Eshelby 5 it 55 - ROk 4T
B ALE () Eshelby 5K&,

M = M(0) (12)

52 MORE T UKL AE 25 i) TR BE AL /3 AT, SR Vogit
Tk LR R B AR S AR RUE US4 S5 A AR
SRR RE Ay

G G G
G G G 0
Clz CIZ C“
Gi=G (3
C. = 2
0 C]l_CIZ
2
Cll_CIZ
2
FEEHSPERERR S H U
E=(C, -yt (14
C11+C12
C
o Co (15)
C11+C12

| RS ey 2 e e e
G, :g(cll +C, +C33)+E(C12 +C5+Cy)

/\I:P’ 4 . . .
+E(C44 +C55 +C)

1 e e e 4 e e e
CIZ :E(Cu +C22 +C33)+E(C12 +C13 +C23)

2 e e e
_E(CAM + Css + C66)

3 JLFRZARAEMAEK AL M EE S RiTiE

SEBRALRR T, B RORL AR — M BRI« 3L 74
ANABALIE . AL 2 DL b TE s TE B, A
SCEEXE LR LR TR AT I8 o s — Flobd kb vp 24k
HPEAR R E, =100 GPa , JAFALL R v, =0.25, ok
PEBSE LR 5 6%, WHIA L S3AMIE, PR S &R
50%, N4 50 1 JL AT S T UKL A4 LA 2 A
MW . [FR, BT AEREERBURL Eshelby 7K & i1 5
A%, W HLREE F I AR ARG BR A8 B 1T Ak v A
WA R T TR E— et v, X R TS
A5 5 TV URL I ABL PR BR UL 5245 B4 R 1A 8 BE
Xof HO A s 2 A 1 A0 R (8 22
3.1 Tk #t

BR RIS T BRI BRI d— 2, RN AR RR ok
Bk . BRI ORI & L0 —FORL, (R f T R EK
K, BRIEBURLIE AT, BRIAE D —FP AN S 3 Bk
JERRL R A — @ MARRE . BEEKIE RN o, Bk
P TR 5 — i T BE RS Ch BRI R A,
(O<h=<2a), W& F LR EREE A MR R0
PERCE A BTN, 24 h=2a I ED O 5¢ 3 BRE

Bl 3 v 2 B R Bl RO, R AT IR A
i, TG AT ST R R AR 2 H e R BR AR
R KM R
3.2 NARHE

NIRRT WS, W AE K TiB,. B
N F b RE I T E N TE A TS PR 254 2a, JEJE
CRBED 4 2k, WEARLE R m=hla, AFARELLIIZN
100G A K LR A R (VS G ] 4 o, LA el ek F
KHIK Ca,a, h) BIMGERACES .

Kl 4 R B, TN B AT AR ORL,  JREAR E
BN, TR ER T S R 2O, JF H, R

(O8]
(=]
(=]

Zone of one base
—+—Ellipsoid
— Spheroid

[\

[ee]

[«
T

Equivalent Elastic Modulus, £/GPa
o
N
S

240}
+#'H1.__"_
220 i T
200 - - -
0.0 0.5 1.0 15 2.0

Height of Zone of One Base, #/a

Pl 3 Ao e A A R At o A A e
Fig.3 Equivalent elastic modulus varied with the height of the

zone of one base



e 1152

Wit e mA RS TR

%847 %

=
V)

Hexagonal prism
Ellipsoid

[\ [\e} (9%} (9%} N
(e} W S W [}
T 7 T

1 10
Ratio of Thickness and Radius, m

Equivalent Elastic Modulus, E/GPa
NN NN

(S}

—
oW
[

B4 BN e A ORL R (B BRb4 R 57 AR B A2 L
AR A A
Fig.4 Variation of the equivalent elastic modulus with the
ratio of thickness to radius of particles for the com-
posite with hexagonal prismatic and similarly ellip-

soidal particles

AT 1 IR RN EE ) 38 SRAE F B, 3 R RORE 1)
ORI — B
3.3 #BIk

R TR R,

2 2z 2
ﬁ " + x_2 P + & ” <1 (16)
a, a, a,

x, =a,(singcos )"

x, = a, (singsin§)” (17

x; = a; (cosp)”

b (ay, ay, ay) BRI PR, AR & 7 1)
WIIREE: (. pyo py) WIERSH, ARK PN
FERE . R 2 AR 8 A W R,
po=p,=p; =LINAMEK, p =p,=p, =2 A/
s pLpy,ps = OMIFEE T2 k. B S SR T 24
ZHURA I XA RAT 05 vV B IR 52

W b 2 R AR R AR A R, ARk
TRIURE R SR RIURL — K, 2 75 363 T B B 5l A
FH A I BB RO B BUR /N, ORL T T IR &
GAN R SR G R (@ Kl NP £ > Wl ol o = A2 £ 1P A )2
KT HA, B ar AHER, 9 BORL R 2 /N T FE A4 B
SRR o AT LA R e ARR R UL BRBOR— FF,
A A HEE T DR B 5 A ALUAR 55 I R R e (¥ 52
Wi g /N, ORLET T RO G5 R I, 6P AR e R
TR o DR IR 5 4 A AR I i 2 B K, K1 kb ) L
R T DR AR 3 S B AR TE 5 DL 5 252

[\S}

[O%)

W
=

—um— Hypersphere, p=(0.3, 0.3, 0.3)
| —>— Hypersphere, p=(2,2,2)
230k ~ 4— Ellipsoid

Equivalent Elastic Modulus, £/GPa

B s ks g RE It R TR R TR IR 1A A AL 1 100
Fig.5 Variation of the equivalent elastic modulus of composite

with the shape of hypersphere particles

£
& 580
=

Hexagonal prism, a/h=5
5 260 = — ~cllipsoid a=a,=5a,

g L
= 540t
3 L

00 02 04 06 08 10
Volume Fraction of TiBz, f

Kl 6 TiC-TiB, £ M %A 2 LA = B TiB, & &AL IL
Fig.6  Variation of equivalent elastic modulus of TiC-TiB,

composite with the volume fraction of particles

4 TiB,-TiC & A 4 gE T3k

XF T TiB,-TiC %, B & TiB, K Z L LLIESS
iR S ECE N MR B AR AR, HAT ARG [ 1 B AR
Eyp =560 GPa, Ep. =450 GPa, TiB, & kAR (LI 44 KL
AR AR AR A I BT 6 FTR .

H T RORE AR SE AR T BEAL 3 A, I FLSORL A0 A4
PEPEREAHZE AR, BRI, FREARLJSE A% LU AR R A
TR SE AR 2 .

5 #& it

1) Bt )75 501 Eshelby 7K &8 173 Eshelby
oK R B, RERE T LR R R .

2) AR AN %A TR DR ABL PR A0 B R0 A A6 35Kk X B &5
], ARG BRBOR AR S P B T B .

3) ARk RO ARG BR UL — A, HS R A H T Tk
R 5 b A ALUAR 55 I X BRI B (R 5 i g /N, 20k



o5 410

B B ARRTERBUR & A MBI Rk RETIUR 20T

* 1153 -

AL T ROIRGT R I, XPRPRME RERE M SR R RAORE

T4 A A BRI 8 22 S, PRI e SRORE 63 T R Y

HRAIE 2 B JEAR T 55 LAY N DR 22

4) UKL R A I HAS I e P TR I, el ik

A 55 UKL 3 A B 22 S AN DK I P S DU BRBEAT T S35

ZEA K.

53 30k References

[1] Eshelby J D. Proc Roy Soc A[J], 1957, 241: 376

[2] Wang H H, Sun S C, Wang D Y et al. Powder Technology[J],
2012, 217: 340

[3] Zou B L, Xu J Y, Zhao S M et al. Chemical Engineering
Journal[J], 2013, 233: 138

[4] Zou B, Huang C Z, Song J P et al. Materials Science and
Engineering A[J], 2012, 540: 235

[5] Cui H Z, Ma L, Cao L L et al. Trans Nonferrous Met Soc
Chinall], 2014, 24(2): 346

[6] Yang Y F, Jiang Q C. International Journal of Refractory
Metals and Hard Materials[J], 2013, 38: 137

[7] Kang H, Milton G W. Archive for Rational Mechanics and
Analysis[J], 2008, 188(1): 93

[8] Liu L P. Proceedings of the Royal Society A[J], 2008,
464(2091): 573
[9] Zou W N, He Q C, Huang M J et al. Journal of the Mechanics
and Physics of Solids[J], 2010, 58(3): 346

[10] Huang M J, Zou W N, Zheng Q S. International Journal of
Engineering Science[J], 2009, 47(11-12): 1240

[11] Huang M J, Wu P, Guan G Y et al. Acta Mech[J], 2011,
217(1-2): 17

[12] Nozaki H, Taya M. J Appl Mech[J], 1997, 64(3): 495

[13] Wang M Z, Xu B X. Journal of Elasticity[J], 2004, 77(1): 13

[14] Kawashita M, Nozaki H. Journal of Elasticity[J], 2001, 64(1):
71

[15] Xu B X, Wang M Z. Acta Mech Sinica[J], 2005, 21(3): 267

[16] Zou W N. Acta Mech Solida Sin[J], 2001, 24(2): 176

[17] Zheng Q S, Du D X. J Mech Phys Solids[J], 2001, 49(11):
2765

[18] Jack D A, Smith D E. Journal of Composite Materials[J],
2008, 42(3): 277

[19] Fu Yunwei(f z ), Liu Xiequan(X¥#340), Ni Xinhua({7
1) et al. Journal of Mechanical Engineering(HLI T.722%
#H[I], 2012, 48(16): 46

Prediction and Analysis of Equivalent Elastic Property for the Composite
Ceramics with Non-ellipsoidal Particles
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Abstract: Eshelby tensor is not a constant parameter and there is no analytical expression for a non-ellipsoidal particle. To simplify the
calculation, a non-ellipsoidal particle was usually treated as ellipsoidal in most analyses, while the simplification needs to be vivificated
for particles in composite are not always ellipsoid actually. To study the error of the simplification, the Eshelby tensor and the average
Eshelby tensor of several non-ellipsoidal particles was calculated numerically, and the numerical results were verified by comparing to the
finite element method results. Based on the numerical result of Eshelby tensor, the influence of the non-ellipsoidal on equivalent elastic
property of the composite was analyzed, and the necessary condition of the simplifying the non-ellipsoidal particle to ellipsoidal particle
was obtained. The results indicate that the numerical method in Eshelby tensor calculation is highly precise. It is acceptable to simplify the
non-ellipsoidal particle to ellipsoidal particle when the non-ellipsoidal particle is highly symmetrical. The oblate particle has more
important influence on the equivalent elastic property of the composite than the particles of other shapes; hence it causes larger errors to
simplify the oblate particle into an ellipsoidal particle than simplifying the particles of other shapes.

Key words: TiB, ceramic; non-ellipsoidal particle; average Eshelby tensor; equivalent elastic property
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