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of acoustoelastidty. A11 of them have made a gener-

ous contribution to the research work　of nondes-

tructive evaluation of texture with ultrasonic waves.

　　　ln the authors' previous study， the theoretical

modeling of an ultrasonic nondestructive method to

evaluate　plastically　deformed　states　has　been

proposed and developed(8)-(1o).Ultrasonic wave veloc-

ity changes under uniaxial tension test and combined

stress states　were　studied　both　theoretically　and

experimentally(11ト(13).　The good agreement between

numerical and experimental results suggested the

accuracy of the proposed theoretical modeling.　Suc-

cessively，this　method　was　applied　to　examine

Sayers's model by comparing the simulated results

with the experimental data of the longitudinal and

transverse M/ave velocities in both annealed and unan-

nealed aluminum alloy(14)，where an attempt to use

Sayers's model to predid texture changes under plas-

tic deformation was also made.

　　　As one in a series of the authors' study on the

ultrasonic nondestructive material evaluation method，

in this work we apply this method to characterize the

texture of 6061 aluminum alloy specimens under vari-

ous loading conditions of uniaxial tension， pure tor･

sion，equi-biaxial tension-compression， biaxial com，

pression and biaxial tension. The basis of this investi，

gation lies in the relationships between the orientation

distribution coe伍cients and the elastic constants， the

latter of which can be determined by ultrasonic wave

velocity simulated by the proposed theoretical model-

ing.To examine the accuracy and reliability of the

predicted ultrasonic pole figures，the simulated results

are compared with the pole figures analyzed by the

finite element polycrystal model (FEPM)proposed by

Takahashi(15).

　　　　　　　　　2.TheoreticaI Outline

　2.1　Plane wave velocities under plastic deforma-

　　　　　tion based upon　the proposed theoretical

　　　　　modeling

　　　ln order to avoid verbosity and render the whole

work self-contained，velodties of the plane waves

propagating in a principal diredion under plastic

deformation are given here directly. The detailed

derivation of longitudinal and transverse waves is

referred to from previous articles(8)-(1o).

　　　Let the coordinate axis J3 coincide with one of the

principal directions of the stresses (7びand strains Eびat

the predeformed state，and the plane wave propagate

in the J3-direction ； then the longitudinal wave veloc-

itynand the transverse xvave velocities衿1 and 笞2

can be obtained as

poK2＝λ十2G十(λ回うび)2(卸十如十匹)
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　　　　－2(1十音)(如十狛2)一古G2(混十混)一昔ぴ混

　　　　十手5十2ヅド4G(3λ十2G)(,｡十万ぺ卜|-Ｇ‰卜3

　　　　‾
j･↓
3λ

毀

Ｇ
(ﾚﾙ十2)十(3λ十2G)2(6゛1十泌

　　　　ﾊﾞﾄ

3

)一拓λ(3×2十泌)－1-G2ぺ(の十の十の)

　　　　十4(λ十2G)[d]，　　　　　　　　(1)

　　7Eこﾌﾞﾄｒﾊﾟﾚ{如十如－2ぴ(混＋混)}

　　　　土[戸十(戸)2十27‾'･戸cos 2(∂一良)十{如一如

　　　　－2G2(混一混)}(7‾'cos 2θ十戸cos 2良)

　　　　　1　　　　　　　　　　　　　　1/2　　　　十干{如一如－2G2(混一混)}21，　　(2.a,b)

in which gびis inherent anisotropy， po is the mass

density of the undeformed state, のandどare princi-

pal stress and principal plastic strain, andθand良are

the angles between the J1-axis and the diredion of the

principal stress and the principal strain, respedively･

　　　　　　　　－ln Eq.(2)，Γ，Ｉ‾'and 7‾'゛are

　　君ニG‾手2(|万万h)十G2(2゛十゛)|隔十゜十の)

　十(圭－G‰3)の十Ｇ[ｄ]，

ｒ＝(圭一G2.)(のーの),戸＝G([d]－[dD，

where the detailed expression of λS and the third-

order elastic moduli χ1～x3 can be found in previous

papers圓‾｛1o｝.

　2.2　Ultrasonic wave velocities and ultrasonic

　　　　pole figures in a textured material

　2.2.1　CrystaⅢte orientation distribution func-

tion　　The quantitative description of the velocities

of ultrasonic wave propagating in the sample requires

knowledge of the orientation distribution of crystal-

lites in the sample. Let∂-zlz2z3 be an orthogonal set

of reference axes fixed in the sample with Jl and z2 on

the plate surface， and z3 along the wave propagating

direction.Let Q-X4λixl be an orthogonal set of axes

for a crystallite given by the 〈100〉，〈010〉and〈001〉

crystanographic directions.　The orientation of a

given crystamte with respect to the sample coordinate

system may then be defined uniquely by the three

Euler angles ∂，φandφ，as shown in Fig.1.The

crystal coordinate x,･is obtained from the sample

coordinate z,･by

　（i）a rotation of φaboutar3

　　Jf＝zlcosφ十z2sinφ，一＝一zlsinφ

　　　　＋J2 cos φ，.21＝J3；　　　　　　　　　　　　（3）

　（ii）a rotation of ∂abouta2;i

　　xr＝Jfcos∂－zisinθ，Xr＝£,Xr＝zf sin ∂

　　　　＋ぶcosθ；　　　　　　　　　　　　　　　　（4）

　（iii）a rotation of φabout Q瓦

　　xl＝Xr cos φ十Xrsinφ,λi＝－Xr’sin¢
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∂1こ一倍π2(凪oo一寸凪2o十平凪4o)

δ2＝一首π2(凪oo十ｻﾞ凪2o十平凪4o)

∂3＝－ﾕ七戸･π2凪oo

δ4＝－1七戸π2(凪oo十計凪2o)

∂5==－ﾕ?古礼r2(凪oo一計凪2o)

a6＝倍π2(凪oo－y笥凪2,)

　　　　　　　　　　　　　　　　　　　　　　　　　　　　(11)

　　　Let the coordinate axes of the sample coindde

with the diredions of principal stresses.For a plane

wave propagating in the direction of the 莉axis at the

predeformed state，the longitudinal wave velocity l/で

and the transverse xvave velocities皆71，F石are

陛=== 阿I＝ ，既

　　　　　　　　　　　　　　　　　　　　　　　　　(12)

wherepo is the density of the sample. lf the velocities

noand笞o in the natural state are expressed in terms

of Lam6 constants λand G as 衿o2＝(λ十２Ｇ)かo and

旨o2＝Gかo,respedively,then the explicit formulas for

wave velocities propagating in a textured material

can be　obtainable　by　combining　Eqs.(10)～(12).

Clearly

冊=1十jJ(yj?回yG凪(,o，

普こ1-jﾘｼｼﾄﾞＧ(凪oo~言肌2o)，

既
‾Ｗド1 ▽ﾓyjMfG(凪oo十言凪2o)

(13)

As shown in Eq.(13)，substitution of the orientation

distribution coemcients 馬oo and 隋2o into Eq.(13)

yie】dslongitudinal and transverse vvave velocities in

textured materials， that is，the ultrasonic wave veloc，

ities are dependent upon the ODCs in textured mate-

rials.Therefore，it is possible to predict the texture

behaviors from ultrasonic wave velocities conversely｡

　2.2.3　Ultrasonic pole ngures　　Let z specify the

normal to a given crystanographic plane， andχandη

denote polar and azimuthal angles between Z and axes

of sample coordinate system o-zlz2z3， as shown in

Fig.2.Roe(21gave the relationship between the ODCs

and the normajjzed po】e intensjty jζ，η)(ζ＝cos z)，

that is，

‘7(ζ'η片言十八区立斤(ご)剛･o cos 四|

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(14)

where召"(ζ)is the normalized associated Legendre

function.S， is determjned as fonows according to

different pole figures :

JSME lntematiorld Jollmd

7夕

F汝.2　0rientation of plane normal / with resped to the

　　　　　sample coordinate system θマIJ2jr3

　　〈100〉pole figure S4＝2π，S6＝27r，…

　　〈110〉pole figure s,＝－π/2，s6＝－13π/4，…j

　　〈111〉pole figure ＆＝－4π/3，S6＝327r/9，…

　　　　　　　　　　　　　　　　　　　　　　　　　(15)

ln the present work， onlytransverse lyaves are usedto

determine呪oo and 陥2，for calculation of the norma】-

ized pole density 9(ζ，7?)in the 〈m〉pole figure，

consequently Eq.(14)is simplified t0

　　,7(ζ，η)＝去一昔{1(35ζ4－3oζ2十3)呪oo

　　　　－7j(7ζ‘－8ζ2十1)眠2o cos(2η)}.　　(16)

Here， the texture is usuany discussqd in terms of the

ultrasonic pole figure, which is a stereographic projec-

tion of the normalized pole density onto a convenient

plane.　The stereographic projection method wm be

introduced in the next section.

3.Texture Prediction via Ultrasonic POle Figures

　3.1　Transver8e l¥ave velocity changes

　　ln this section， the proposed theoretical modeling

of an ultrasonic nondestructive evaluation method is

applied to　simulate the transverse　wave　velocity

changes under various loading conditions of uniaxial

tension((71 : び2:(ﾌﾞ3＝1: 0: 0)，pure　torsion(simple

shear)，equi-biaxial tension-compression (pure shear ；

･71: の:a°1: －1: O)，biaxial compression (ryl: (72:

(73＝－1: －1: 0)and biaxjal tensjon (ど71: び2: a＝l:

1:0).The transverse ivave velocities simulated by

Eq.(2)are presented with solid lines in Figs.3(a)

～(c)，respectively.Here，we take aluminum 6061－

T6 as a study object and the internal state varjab】es

used for numerical simu】ations are those determined

by ultrasonic wave velocity measurements with 5

MHz central frequency under uniaxial tension test〔13〕.

VVe also suppose ultrasonic waves propagating along

theJ3-direction.Two modes of transverse wave

velocities 141 and Fr2 in Fig.3(a)～(c)denote the

velocities polarized a】ong the principal directions of

stress，respectively，and caused only by plastic defor-

mation without the acoustoelastic efTect.
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（a）Uniaxial tension : ジ＝4.98％

癩

←Tyx

ﾄ。

（b）Pure torsion : ぎ＝3.0％

（c）Equi-biaxial tension-cornpression:

　　　ど＝4.93％

（d）Biaxial tension : が＝1.0％

　　　　　　（e）Biaxial compression : が＝1.0％

Fig.51111｝ultrasonic pole figures of an aluminunl al】oy

　　　　　based upon ultrasonic nondestructive evaluation

　　　　　method
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Fig. 3 (b)｡

　　Figure 5　indicates　that　texture　developments

under the plastic deformation can be theoreticany

analyzed by the simulated results of ultrasonic wave

velocities.The successful trial on the prediction of

texture development by ultrasonic pole figures implies

the　possibility　of　practica】applications　of　the

proposed theoretical modeling. For example in alumi-

num can production， ultrasonic waves can be used as

a process control monitor， namely texture measure-

ment after hot rolling.This appears to be quite

promlsmg｡

　　Sayers's theory is based on the following assump-

tions : the velocities of ultrasonic waves traveling in

the(macroscopic)orthotropic　continuum　are

innuenced by(1)single crystal　moduli　and(2)

preferred orientation of the crystallites. 0ther effects，

such as grain boundaries， impurities,dislocations，and

inhomogeneities are not taken into account in the

modeling.　Therefore，the accuracy and reliability of

the theoretically analyzed results should be compared

accordingly with diffraction data of neutrons that

penetrate through the metal samples as the ultrasonic

waves do. However,the comparison with the neutron

diffraction pole figure is not made in the present work，

because the neutron equipment is usuany available

only at some central facilities.The comparison with

x-ray diffraction data is also not made here， as x-

rays sense only a surface layer on the order of 10 Mm

thickness.Therefore，an alternative method， i.e.，

finite element polycrystal model (FEPM)is employed

to examine the theoretically analyzed ultrasonic pole

figures，because FEPM is already considered as a

well-developed technology for the analysis of micro-

structural behaviors due to plastic deformation.

4.Comparison of Ultrasonic Pole Figures with

　　Pole Figures Analyzed by Finite Element Poly-

　　crystal Model

　　ln this section， the finite element polycrystal

model(FEPM)proposed by Takahashi〔15〕,where each

crystal is regarded as an element and its orientation is

given randomly in the case of initial isotropy， is

applied to calculate crystal orientations (Euler angles)

of face centered cubic (FCC)aggregates under plastic

deformation.These calculated Euler angles (∂，φ，φ)

are then used to construct {111}pole figures via the

stereographic projection method.

　4.1　Stereographic projection method

　　ln order to be able to discuss specific directions

and planes within a crystal，it is very useful to have

some sort of a map on which we can show these

directions and planes of crystals.The stereographic

projection provides us with such a map and itis widely

Series A， vol.46，N0.1，2003
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