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Table 1. Characteriza.‘ti,on table of —Uoz‘singlé crystal

Property Determination
Isotropic composition Nature
'Oxygen to metal ratio
(Coulometric titration) 20004
{Gravimetric-oxidation) 2001
Density (g en™ )
Displacement,H; O 1094
Diasplacement, CCl, 1093
Displacement,Hg 1094
Surface area (m2g-]) (B.E.T., Nz ) << 1
Porosity 4 '6pen. closed Nil
Gas content (ce gul)
Evolved at 1000€C under vacuum 0.05
Impurities (.ppm) .
A_l ~10 F <2
Fe ~15 Cl <20
Si ~15 C 44
v <50 N 50
Zn <50
Water(Coulometric ~electrolysis) 6
Table 2 Specimen size
Diameter
() Length (=)
4a 1 2 £3 Aed
Fused single crystal 480 4735, 4760, 4683, 4758
Sintered pellet 1250 10580 ~ 10.300
(111}

1

(01

.
23

(a1)

Fig 1 Orientations of UO: single crystals
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Table 3 Spectrographic analyses (ppm) of sintered pellets

made in Sumitomo Denko Co .

0/U ratio 2002 2157 2212
Specimen Density (g /i) 1044 1075 10579
' Grain size (am) 5. ¢ 4.0 6,1

Ag 0.2 0.2 << D2

Al 1.0 10 10

B < 0.1 1.4 0 1
Cd << 02 < 02 < L2

Co < '5 < 5 < 5

Cr < 8 < 8 << B

Cu < 3 < 3 < 3

Fe 13 11 18

Mg < 2 < 2 < 2

Elements Mn 3 < 3 5
Ni <10 <10 <10

5i <11 <10 < 10

Vv <10 <10 <10

Zn <50 360 <50

Ca << 1 1 < 1

Mo 1.6 2.5 2.0

C 15 <10 <10

F < 5 5 < 5

Cl < 5 14 6

N 11 10 <10

Table 4. Spectrographic analysis (ppm) of sintered pellets

made in (A MAPI and (B) PNC.

(A (B)
O/0U ratio 2.003 00 ratio 2005
Specimen Densi ty (g/ei) 1052 Densi ty (g/gi) 1002
Grain size (um) 10 Grain size(um) 15
Ag < 0.5 Ag 0.2
Al 4 Ccd g 2
Bi 1 Cr <8
Ccd 0.6 Cu <3
Cr 70 Fe 22
Cl 42 Mn 4
Cu 11 Ni <10
¥ 120 P 24
Mg 20 v <10
Elements Mn iz B 012
Meo 21
N’ 30
Ni 130
Ph 10
Sr 1
A2 100
B 0.3
C 80
Fe 36
8i 60
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Table 5. Velocities of a single crystal for propagation
direction (100}, (110), (111) in the cubic system

Propagation direction | Polarization diectibn Velocity

o
£100) (100) 1l
‘ o
, I
(100) (010}, [001) / iﬂf
' ¢, +0, ,+2C
[110) (11.0) 11 12 44

o

(110 (001) V
[110) (170) L2 11 12

+20, ,+4C
(111 (111) ‘1 44
| / c11“012+C44
Q11) (111 )% \ >

*
Arbitrary direction in the (111) plans.

y3.

Fig. 6. The transformation
from pure mode
coordinates {yil to

" the misoriented
coridnates {xil
accomplished by means

of a single rotation
through the angle ¢
about the axis ¢

3))

(Waterman”
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Table 6., Variation of velocity due to misorientation

for the cubic

system

'Propagation direction Variation of velocity
41 _Fite o
471 2Cl1
2
v K. 8 1
[001) 42 4é {K3+[K2 5in“28(2K,-1))2 |
472 44
V3 K102 l
42 = o K, —[K -gin® 2¢(2K —1)3°
3 44
A1 K, ¢ [(2K +1)cos ¢+(2K 5)51n %)
vy 2(Cll+012+2044)
v K (B—K )
(10D 42 . L7 874° sinfy
2 44
. 2
v -K. 8
AVB = 2(01 )[2K cos ¢+l)
3 117 l2
2
Avl ) Kl[2K3+3)U
vy 510 +20; a0, )
v +K. ¥
4°2 l
(111) =
V5 2(Cll Cq +C44)
iV _ K¢
Vg 2(011 012+C44)
where, vl = longitudinal velosity,

Voo v3 = transverse velosity,

b=

= 0.,-C

i1 12—20

1 44°
K, =K /(0 =01 )42,
Ky = K /(Cq5+C,,)+3/2
Ky = Kl/z(cll 12)+3/2
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Table 7. Velocities of longitudinal andéd transvese waves
¥ - *%

for {011) and (0O0L) directions of UO2 gingle -

crystals '

Orystal axial Longitudinal Transverse Transverse

Crystal : . velocit velocity velocity
direction vy (m/sec% Vs (m/sec) Vs {(m/sec)
No. 1 (011 5315 2294 3423
No., 2 (011 ) 5330 2333 3333
No., 3 (011) 5353 2323 3367
No. 4 {001) 5873 2309 2309
- C C.., . 2C
* Propagation [O11), vy =J 11+ %i T 44 (011}
' C
v, :J_fﬁ' (100)
C G _
V3=J'jéﬁfi_lg' (01T}

*¥ Propagation [001) J——-— [001)
=J_ﬂfL (010)

_44 [100]

Table 8. Blastic constants of UO2 single crystals
(in 10+t dynes/cm2)

- Anisotropy
Crystal €11 €12 Ca4 factor*
No. 1 37.96 12.33 5.757 0.45
No. 2 356.47 13.79 5.95%4 0.50
No. 3 37.85 13.03 5.903 0.48
No. 4 37.73 ' 5.832
2C
*¥ Anisotropy factor, 4 2_6__£i_5_ = 1.0 for
11 - “12

isotropic crystal.

—1 92—
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table 9. Blastic compliances of UO2 sigle

crystals (in 10713 cm2/dynes)
Crystal 511 12 44
No, 1 3,133 ~0,7682 17.54
No., 2 3,460 -0,9492 16.79
No. 3 3.207 -0.8214 16.91

Table 10. Elastic constants of,UO2 single crystals

computed from the correction of the velocities

due to misorientation (in 101t dynes/cm2)
Anisotropy
Crystal cll 012 044 factor
No. 1 38.0150.29  9.51%0.46  5.73%0.24 0.40
No. 2 27.3150.34 10.80%0.4% 5.94L0.26 0.45
No. 3 37.88%0.24 11.52%0.30 5.88%0.21 0.45
Mean value 37.73%0.17 10.61%0.23 5.85%0.14 0.43

Table 11. Elastic complianes of U02 single crystals

computed from the correction of the velocities

due to misorientation (in 10713 cm2/dynes).

Crystal 11 : 812 844
No, 1 2.924%0.067  -0.585%0.024  17.45%0.11
No. 2 3,081%0.089 -0.691%0.027 16.83%0.10
No. 3 2, 07610.067 -0.717%0.020 17.01%0.10

Mean value  3.027%0.043% -0.664%0.014 17.10%0.06

—13 —
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Table

12.

Isotropic elastic constants for sintered

Uo,-~-U 09 pellets at room temperature

2 4
Dengity |Grain size| Young's modulus | Shear modulus Bulk modulus Poissan's
Specimen |0/U ratio (g/cmB) () [x0tt dynes/cn®)|(x10%t c_itylrles/cn:12)(.“}{101:L dynes/cm?®) ratio
No. 1 2.002 10.55 6.0 19.58 T.45 17.64 0.315
No. 2 2.002 10.55 6.0 19.65 T.48 17.51 0.313%
No. 3 | 2.002 10.55 6.0 19.44 7.38 17.70 - 0.317
No. 4 2.002 10.55 6.0 19.47 7.39 17.83 0.318
No. 5 2.002 10.55 6.0 19.83 7.57 17.39 0:310
No. 6 2.002 10.79 8.1 20.84 1.87 19.73 0.324
No. 7. 2.002 10.80 8.1 20.88 7.86 20.23 0.3%328
Ko. 8 2.002 10.78 8.1 20.78 7.85 19.68 0.324
No. 9 2.002 10.79 8.1 20,92 7.91 19.70 0,323
No.10 | 2.002 10.79 8.1 20.82 7.84 20.18 0.328
No.11l 2.002 10.55 5.9 19.56 7.46 17.34 0.312
No.12 2.002 10.55 5.9 - 19.61 7.46 17.57 0.314
No.13 2.002 10.55 5.0 20.23 772 18.42 0.317
No.l4 2.003 10.52 10.0 19.71 7.47 18.15 0.319
No.1l5 2.003 10.45 15.0 19.24 7.%31 17.43 0.316
No.l6 2.003% 10.52 15.0 19.63 7.44 18.08 0.319
No.L17 2.003 10.55 19.6 ‘ 19.36 7.38 17.17 0.312
No.18 2.003 10.55 35.0 18.42 7.12 14,76 0.292 .
No.1l9 2.003 10.55 19.6 18.74 7.13% 16.80 0.314
No.20C 2.005 10.02 10.0 17.35 6.70 14.14 0.295

P0—ZL—IL V8 N



Specimen|G/U ratio De‘nsi’;y Grain size Youﬁﬁ's modilusé Shija_r modulu32 | Bljlj__]:{ modulu32 Faisen's
(g/cm”) () (X10™" dynes/cm® (X107~ dynes/cm®)(X10™" dynes/cm“)| ratio

Wo.21 2.005 {10.02 10.0 16.31 6.27 13.66 0.301
No.22 2.016 10.55 6.0 19.35 7.34 17.62 0.317
No.2% 2.016 | 10.55 6.0 19.47 7.41 17.45 0.314
No.24 2.016 | 10,55 6.0 19.55 7.42 17.80 0.317
No.25 2.016 | 10.55 6.0 19.62 T.44 17.97 0.318
Ho.26 2.016 | 10.55 6.0 19.46 7.38 17.82 0.318
No.27 2.016 | 10.55 6.0 19.66 7 .49 17.52 0.313
No.28 2.016 {10.55 6.0 19.83 7.57 17.39 0.310
No.29 2.14 10.64 6.0 15.13 5.62 16.27 0.345
No .30 2.15 10.70 4.1 15.68 5.86 16.44 0.341
No,31 2.18 | 10.75 4.0 15.99 5.99 16.25 0.336
No.32 2.20 10.59 6.1 14.82 5.55 14.97 0.335
0.3% 2.20 10.59 6.1 14.40 5.37 15.09 0.341
No.34 2.20 10.59 6.1 14.35 5.33 15.14 0.342
No.35 2.22 10,60 5.5 14.95 5.60 14.92 0.333
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Table 13. Values of empirical constant for Youung's modulus,
shear modulus, bulk modulus and Poisson's ratio
obtained by least-sguares fitting of exponential
and linear equations.

Eguation (dynes/cm?) Bo by
E = E, e-bgP 21.96 x 10t 3.025
E = By (1 - bgP) 21.76 x 1011 2,612
Equation {(dynes/cm2) G be
G = G e—be? 8.256 % 1011 2.735
G = Gy (1 = beP) 8.194 x 10+1 2.388
Bquation (dynes/cm?2) K, bk
K = K, e-bxP 21,49 x 101l 5.059
K = Ko(1 ~bgP) 21.03 X 10 4,044
BEquation 0o be
0= 0, e=PsP 0.3313 1.248

6= 0,(1 - b,P) 0.3308 ' 1.178

1013 { Specimen ,
C/U ratio : 2.002 ~ 2.016
Density s 10.50 ~ 10.60
- : (g/cm3)

o .
—_—— 2
b O—rr—0

Young's modulus (dynes/cm2)

10te |
E=2.049 x 102 ¢=0.02336
_ I |
1 5 10 50

Grain rize (u)
Fig. 12. ZEffect of grain size on Young's modulus

of sgintered pellets.
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\ B .
[17] .
&3]
g
By
Ej, &_m\
G_Q._______*_ o
9 0l2| -
= * | Specimen
é | Grain size : 4~10s
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#1011 |
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Fig. 13. Effect of excess oxygen on Young's modulns of sintered
pellets.
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Volume fraction of Ujlg.y phase
Fig. 14. Young's modulus for UOp,,-Uy0g-y against volume fraction
of the second U Cg.y phase.
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Table 14. Fracture strength for sintered pellets of various
0/U ratios and a fused single crystal at room
temperature.

_ " | Densitv!CGrain size Specimgn sizé Fracture
Material 0/U ratio (g/om> (am) length diameter strength
(rm ) (mm) | (kg/mm2)
2.002 | 10,80 8.1 10,580%12.50 | 106.0
2.002 10.79 8.1 10.508x12.50 97.6
2,002 10.80 - 8.1 10.578x12.50 102.0
2.002 10.80 15.7 1¢.510x12.50 95.1
2.003 10.55 5.9 10.480x12.50 1¢1.0
2.003 10.55 5.9 10.490x12.50 98.5
2.003 10.55 5.9 10.460X12.50 95.0
2.003 16.55 8.5 10.440X12.50 93.5
2.003 10.55 19.6 “10.430x12.50 90,0
Sintered 2.00% 10.55 19.6 10,420X12.50 86.0
pellets 2.003 10.55 35.0 10.330X12.50 80.0
2.005 10.32 17.0 10.350X12.50 85.6
2,005 | 10.02 | 10.0 10.250x12.50 78.5
2.005 10.02 10,0 10.220X12,50 T4.5
2.016 10.55 6.0 10.438X12,50 101.0
2.016 10.55 6.0 10.300x1.2.50 96.0
2.016 10,50 6.0 10.,350X12.50 100.0 -
2.15 10.64 4.1 10.480X12.50 65.3
2.15 10.64 4.1 10.400x12.50 61l.1
2.18 10.70 4.0 106.410X12,.50 61.8
2.20 10.59 6.1 10.450%12.50 65.73
2.20 10,59 6.1 10.450x12.50 T3.5
2.23 10.60 5.5 10.430x12.50 73.5
Fused singlel 5 591 | 10,94 - 4.748% 4,80 |  69.8%
crystal :
* Direction of compression :

(110)
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Fig. 17. Fracture strength for U0, -U,0 -y against volume
fraction of the second U469_y phase.
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I = a’B*+a?7% +p5%7r? @)

rewa, 8, 'rmyrq%;;gfazwurz:{f&ao Table 10, 11@%{5@5{‘

Ly 754 T2 HW TR, B)RNPE pym & Gpokm 25t B LR s Table

15 KFTo BREHOBEEFig. 18(A)TRANLTF RN OE 0 SORBEM T 5
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Table 15. Technical elastic moduli of UO2 single crystal as a

~function of crystal orientation.

Value of the function of| E kg Gxm
orientation (r) (xlOlldynes/cmz) (XlOlldynes/cm2)
0.00 33.04 (Eloo)r 5.848 (Gq44)
0.05 | 28.47 5,686
0.10 25.01 5.533
0.14 22.79 | 5.417
0.16 21.82 5.360
0.17 21.37 . 5.333
0.20 20,12 5.251
0.23 19.00 5.172
0.25 - 18.33 (Eqq,) 5.121 (Gyq,)
0.26 18.00 5,095
0.27 17.70 5.070
0.28 17,40 5.045
0.29 17.11 5.020
0.30 16.83 4.996
0.31 16.56 4.972
0.32 16.29 4.948
0.33 16.04 4.924
0.333 16.03 (E ;) 4.917 (Gyy4)

—2 8
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Gyap = 5560%10" dynes Sob EFETBCLHBTEBo Tablel5 %l

Fig.18(B) THLM 5 L5 L% ¥ 25l (10 0)FmeRK, (111150 THM %
Th%o—ﬁﬁ%U02“VvFH%%%T,ﬁﬁﬂﬁyiAfééﬁ.ﬁ%ﬁW®%ﬁm
Bk oT, HEKEARC D, BHHLE boT bo flAE~Vvy F OHLFE COSRBED
ETAHTH, BARRCL Y RIVOBMANECoTEBBR IV £ - wBREMEEIN 2,
C@EK%®Eﬁ§k@ﬁEﬁﬁﬁ[1H]ﬁﬁfé%ctﬁﬁ%éh1mglC@Iﬁ&
Ak O ORI AIEHER ONMCEBE 5250 EAEL bR Bo LL, Table

10 ORFUEARBE CAE SN £ 3D TH e, —HHERGURERR TREILL doT
BB U0, COW TERFHCE LETREOKELD TH Nt TP~ bAT
Vo LAALNSCPRKL O L %4 4 v HREIKOWTH, RAHERBERETCORTEL L,
HABRETHAFESEIL R Y, SLCBEMITOATCHEORFEFRI T ERRBI AT
Mg?i@t&ﬁ5U02®ﬁﬁ@E%MEETH1ID%K3<&of.%yf$@
L1000 Jhm-tigd, (11 1])AFMTRRCEZS HELS ZL bhb,

RO SRS 5 B ORI R OTH DL hHIC Voig 1) Revsd o Xir
Hashin & Shtirikman OBMzSD. ch bOMEETable 16 1, e
DERERVTY » 7R LHEE A LARRE Table17 KiRT. V0, SHEROK
IERP=00DBRAOY /% R}Tableld tbLEBOR TRBALE 2176 X 10!
dynes/ch » FEMBROX 2196 X 10 dynes/ e Thho Th bOEIHEELROHE

 BEALEE LA (Tablel?) CEBICL  —F+2 |

Table 17. Elastic constants of polycrystalline UOZfrom sigle
' crystal data (in lOll dynes/cmz)

Oalculatibn Young's moduius Shear modulus
Voight 23.27 8.934
H. and 3. upper bound 21.94 . 8.348
Mean 21.68 8.241
H. and 8. lower bound 21,40 | 8,156
| Reuss 20.12 , 7.568
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Table 16, .Equations for calculating elastic constants of poly-

crystalline oxides from single crystal constants

. 27) ' . 1
Voight Ky = 5(Cqy + 20y,)
_ 1 _ 3
Gy = 5(Cy = Cy5) + 50y,
28) _ 1,
Reuss KR = B(Cll + 2012)
-1 4 _ 3.
Gp= (817 ~ 89,) + 55,
Hashi * 2 -1
ashin and G =G + 3 (G2-Gl *,481)
shtrikmagg) ® 5 -1
Gy = G2 + 2 (G]__Gg - 632)
_ 3(K+267)
B1 = 56, (3E+4G )
6. = - 3(K+2Go)
2 5G, (3K+4G, )
1
Gy = 5(911 - C1p)
Gy, = Cyy
1
K = -3-(0ll + 2012)
* *
Gl>>G > G2

*
If anisotropy factor is less than one, where G is
true value.
E = Young's modulus, K = Bulk mosulus,

G Shear modulus.
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ZHEOHHTHAT AT L6TE . o
5) BMEBZEOY Y /E P IBFTHEEIPav)] OBRHBHTHBE I L. BRME OWERE
Tk XETHEL Pav) OHER THEHTET, GMLE0 S L 25 L2 HOBWE
EEI LI Z o i U0+ x 5 U405~y KEDVEINTWRZ £ Lo TEMT
AL EBTE %o '
BBRRKFREE2ETT OIS THAFH LTT X o RAHABY WHE CRH OE+HE
+ 5o

At #
1 %%%@&ﬁ@ﬁ@@ﬁﬁ#%ﬁﬁ%ﬁ#ﬁ%ﬁ%%b%ﬁz)
1T—1 BEFHOHARX
%%&%ﬁ%ﬁt@%%MFammf?wﬁ%%%bfﬁﬁﬁﬁﬂ(smwlar
equation) 3 X3determinant #SLXNELTROIS>CEDLIN B,

|[Fjx—8jrx] = 0O o m

z Cic x = 6V’ (2
polBE
v - E E
1

B I ik = 3X@idp(Cjjke +Cijex) (3)

Thh.BRTe | WEAFAICHT2HAKE, Cijke EHEENT, TEL b
HECERT L. TAREEL, my n& LTIUGRFOUHMESLDLT j k BROI S ED

Fyi=Cu 2+ Cy (m*+0®) (4
Fz2z2=1Cyym’ + Ca (&%+1n°) {5)
Fa33=Cy n” 4 Cys (€%+m®) (8
Fiz2=Tn=(Ciz+Cu)¥lm (n
Fa=rIa= (Ci2+C4s)¥ln (8)
IMs= I's2= (Cyz2 + Caydmn (9)

N bOEEREFBRACKALTxOXI X H/d. ZThBELLARFA( L, m,
n) CHLT3EOEEHEBHEINT, X1 +» X2 » X3 BEHFEIh LT 2L, ¢ 0OHB
KX LT, KEFBR 2ok chaer FEEREROL o KHEAMIN 2,
(x~x1 )(x—~x2 }(x=x3)=0 {10
CORBAMOXEREL T, x OENEORBEAEFBNOR LHRO R ¢ i+ 2
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AL oT, 300E T HERBBOND . &b MBS BRidC

a = Cp1, an
B = Cu . (19
T = Cia+4+ Cye, {t3
U= X1 +Xxz+x3, a4
v = x1 x2+X) X3 t+xXz X3, ' {15
W = X3 Xz Xz. 16
Ethe 3DOBENFRABROLILCERS,

v=a+ 28 ' 9
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—rP (Pt Pt + mPat ), 18

w o= (@B +a ) ) (ant 4B (41 ) ) (an’ +B8 (07w ) )

+27° P af o = PP m” (ad 4B (PP nt) )

+€20% (am’+8 (£%+0") )+l o° [@fP+8(m*+d )]} (19
MERE L LN, u. viw. l, m, n2bd, 8, T #R1BCLThro SHEBELL
LT FOR 20 L@RNCRALTIEHEL, he bR EHATORH»L7° 0B%E
BETD. RICWK2 LT OREWR LT’ OKABONEOTHEAEIEF LU 2EL
TTrEBETLE, a0 RFBEX 5B LN B, COHERORMBEECHECEZOTH
DY o KHHET S -

by= 1-¢7, &0
m= t-m, _ ey
ny = 1—112. . @2
br= 3¢"~1, - 2
mp = 3m’ ~1, )
nf= 3p2-1, : @5
e = i+l 4w A, 26)
f = i n+f " me+man’ly, : @n
g = femz+frnz+menz, _ &8
h = frmeny+Pfrnemi+meng €1 9
i = f2my+Pymy+fany+ finz+men+ming, 80
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p = fzmyni+fimany+Fmynz, 3
g = fymy+fyn;+mying, (33
P o= 20%mial, - i~
's = w1 ng, . 5
8= f2mz nz, 36)
f1= gf/e—§5,;, 37
h1 = (uAgk-l—ujf)/e*hu, . 8
i1 = (uzjk+u2‘1f—4va/e—-u2p, (30)
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o 8 r@HRNCHATE L, Ry
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*WE w = a’s, /8+aluh/8+aupB4uis B LT
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W, WX EExhEThdd, 2ELTTIORPBETEIELERDIOICT DEROFER L % bo

ag @’ +as ¢ +asa@' +azdraza’+ a e+ ao=0 )
czi  ae= il ety 2, @
a; = 5ur2jP2/e3—2j1k1, #n
az= 3r’Cgp +v’ i’ p, Ve —2mi,—j s, 9
az= r° (6 ug]j D1+U3j3)/e3—(g1k]+h1j1), . | 49
as = 3rf (v gif+glp ) et —(2g1j,+01%), s
as=> Sur g js’—2g; b, 1)
ag = r’ ga/e3—f£-12, 2

M lbdd, BEEHARETHIFIELIROMW I TH L,

BF, BB, HE vy, ve,ve EHRAUL, m, nb LK ERLT X, X2, Xs %
HET L. KIKW~95K 5 u, v, w %EFHETI. ACW~0OX TEHE LAR 58T 2,
ERb U ~EIRIC Lo TEL bR A EHBE TS CALORBERNT, X T 70 »
PLT, WRHCERO »5BE TOEOKK OB 4RE TS M1 oL £ 5 28T O
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Ciu = (u—Cy;)/2

63

HOFHETE, @REBATT = (Cpp+ Ca)’ HELTT 2R0B B Thpb

Ciz = 7— Cas

BRI LA B

1—2 PETEHOERFE(Standard deviationl)%R®BETHEHKN

64

Bfh EROBE HELFEHET IO, 22 TH, BES LFHRASKEOTED S ERL
T8 OERTHE A EGEE v, , v, Vs OBEICHT % 3BORERE 0, , 0g,
63 R oTdbbaNbeth, HEOCARAHDICREEHCi1, Ciz, Ciy OBEBFEZE 61,
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(variance) FEEL, REZhLOFERTHWTO1, 012, 04 5¥5ET 2. 5
BOBERGZ L, P x, vy EHATOTHE (BEBEEC2E) 23 oMETHCHIEE
BeThou, vEx,y OHBEL, Fruv, vORBELTERT L. £OTAH L

8F 2 F? 8F. 8
oy = (“a“'a“) "u2+( 3v) 0v2+2(~5—;)(-a—i) cov(u,v),
c K
au 2 Bu ’
o =G g o

av.F 2 dv z
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_ __ ,8u_ 8v 2 du_ dv 2
Cov{u,v) = ('5";)(‘8—}:)5;( +(6_Y) (W)Uy .

2T, REHG~3% FNWT20DLERE 3 OCTPRTALROLOICE D,

2 2 2
Oy = Oy T O0xp T0x3 ,

2 2 2 2 2 2
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2 2 2 2 2 :
= (xz X3 ) Gy 4+ (%1 %3 ) Oxa +(x3xz) Tx3 »
2 2 2
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2 2 2
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2 2
Cov(v, w) = (x2+xz2 )x2 x3 0y, +(x+3x3)%1 X3 G xg

2
+(X1+X2 ) "1 X270x3 .

65)

&6)

)

69
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61 V
()

63

64)
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Cudh LOBEDIFB O TERWERE ST H L THONE . Thid A 2
DEMASEET U2, K IR~ TERLARES TS Lo T 5,
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agy = r2 (6gj p1+6Ugjp]u+5u2j3/es—2(§1 kip

+hjiv+tjihiul, o)

2 2 2 3 . " ' )

agy = 3¢ (2vgi +gpru) e ~-2g jru—2bihiy, ]
dgpy = 51’2g2j/€'3"'2[31 biu, . (78

asuldFETH Bo

v QTR LTk

dgv = -—12['2 p12/€'3"2 Kikyv, 79

iy = .—24r2ujp1/e3—2j1 Iy v =2k j1v , @
2 2 2 3 .. '

azy = 120 (2gm+u j ) e 2hkiv—2}1 j1v, By

agy = 24 ugi/e —2(g, kyv+hy jiv), G2
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woEBHIKCE LT

agw = —16k,y , _ | »
a,v\; = —téj1, )
azw = —1én , -
'éé’w. S EE b s o &7

daw., asw, agw EETH 5,

' li;faﬁcu?+55¢aﬁ+5aggf+zagcn+al 7  R
LEHT B ROOBPRROLICZ B -
CHU —7(“‘(3%11(‘11 + a4uCn -+ 43y C“ +azy Cu +a,y Cn

| -) +aﬂu)/D o K

Cx;v = —(a4y 0114+ Az vy Cna-t-aav(‘,”2+aw Ch+tageD, _ o0

Cuw = _(33WC113"“32WC112+31W Cyy + 29w )/ D. )

CeTD=0 EFELTV Ao (1101 HFRICH LTRE D=0 THRIGE~N 5 X 5 jl D8k
VBB T DB, | -
Cos OHEBEPEAEBID LR OO T Do

\t" Cian = ( 1"'(:110)/_2) L @
Cuy = —Cuv/2, ' ' | .
Caaw = —Cpw2, | 6

Cio OBEHMEREID bW oh 255, T OBHEEFA TL 5o Rl b

r’ = (gC112+Dqu+Pz)/4_e s L 05

(r*)u = (2Cq; gCau+] CntujCuy+Prulde, 98

(*)v = (2Cy; gCpv+ujCuv—~4)She, Gy

(7" )w = (2Cp E+Urjjéi1w}4;e, o 09
wE Tu=(Flu 2T E RMERLT |

Cizop = (¥ Ju/ 27— Cuy, LY

Cov=(F)Iv/ 27— Capy, ~ °  m

C12w?(7‘)w/ 21— Cuw. R _:.‘_(1q1):
Zhp b O ik s
22 2 z_ 2 . 2 - .
U'” :C]_lu U'I.] +C'1]V gy +L’11W Uw+2 ("1] ] C]}v ,CDV (U,.V)
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A
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04, 01 CHTBRECHDOTFTRENTHE 11844, 12CFAFABELELRD
DERMLTH B, |
DL LT, R~ b u, v, w OFE(variance ) T IFHB
{(covariance ) TEIE L, IRICKBI~ (102) % HE+ 5 LIT L » TEERFE 04,
Oi2, 044 ZRODZEHBNTE B, |

HKOVT (110)HARH LTD=0TobTsbh~At, ChEROCLPbLRIN D,
(110)HMIH LTRGBS r=0 TRy 51" OHEHMELB. HKoTABE@WO ¢ 7°
PBVALOF 2R LA DL ED.

v,
B=a’s;/8+a’uh/8+av’p/ 8+u"s/8
~r¥(af+uk)/ 2w . (103)
&Té&,(1W]ﬁmK%LTﬁMHB2=UTé%OD@D:ZB%%%&D,%QT
D=0kK#&#5,

' 42) )
(11 0)FMIELTH, Kolsky DE#MWhL, ROLIZEELEB LR L, x1 &
W ET 2L x: B(001)FMEERTAEE, xz 21 (110)HA KT+ 2R &
ﬁ%’o Cﬂ?ﬁl%

Chh= x1 —x2 +x3, (104)

Ciz2 = X3 — X2 ~x3, : (105)

Cit= x2 - (106)
R R T

o= 012" = oxf +ax, + 0x:, (107)

049 = Ox2. {108)
E b

CCTHRHOBILEEOREL THOEHEBM t CEANTEHLTVE R, zhbo
BREFERTLE2 b, XKW~ T, v, v, w OHHP LUK M EE 25T 2 TH
LTRE, HE, SRBEEHEH VTR~ 002) 2m&F L skEtEThit v, Rick
(107) & (108) T, BREREXE S, Bk, ERSHOMKR TS 5b L THAE)~69, (104)
~ (106} OHBEETZLE LK,

1 -3 RBga>»734 7> =x(Elastic compliance) ¢t*OfEEBEEE®RkDLL
ik

MFRAROEY A TS5 4 T2 e BEFERHLOMBREROLISKBEELENE,
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Si1 =(Cy + C2)/C, o - {109}
S12 = —Cy2./C, . (110)
Su= 1,Cun , (111)
i C=(Cy=Ciz) (Cy;+2Crz) - (112)

Sij PHBFEEZFHETLOK, Cij OH#SBEr RO 2ROt EHATHCLBTE B,
68 —ift LT

. _OF 3G _ , . 8F 8G
Cov(F. G =F =5 % + 575y °v

aF 6G+3F 2G
6u 8w dv G

+( JCov (v, v) - (113)

F, GO#ZEZu, vORRTEBHRIND A, v, vRHEFHICHMIEL TEEZWe Ci1,
Ciz @ ZEH#Cov (11, 12)&£FH &,
Cov (11,12 );_-Cllu Cizp 0t +C1yy Czv 03 +Criw Crow 0
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+{Ciu Cr2w+CrawCr2u ) Co v (u,w)

+(C1vCizwt+CrwCiav ) Cov (v,w) (114)

Cov(11,44) ¢Cov (12,4410 MNKXOXFOTEHEWeEFEFEHRL LA

- e 85 . .
I, Thb02 o0REEHET BB AE V.~ Suan HORES SRR
11
ZE HbhbT &
C—(Cy1+Ci2 ) (2C;; +Cq2 )
Syrery = (Cyy 12 ) ( 11 12 , (115)
c?
- CH+(Cy3+Cq2 ) (4Cq2 +Cyy)
Stz = 2 , (114)
C
C]Q( 2(:11"“612) '
Sizem1 = 2 ' am
C
'_'C'+C]2(4C]2 _"C-I-I)
Si2,12 = p . (118)
1
Ssge4 = — T (119
Caq
EE Do
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S11544 , Stzuaa, Sasnr, Sssiz HIRTEEL R 5,
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2 2 2 2 2
831 = S11,1 %1 +Snh12 912 281,11 Stz Cov (11,12) , (120
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s T4
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44
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2
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