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Texture (preferred grain 'orientation) of polycrystalline metal sheets is

an important material property which influences the process of making

products such as aluminum cans and automobile and aircraft components.

Traditionally, the texture is determined by X-ray or neutron diffraction

techniques which are often destructive and time-consuming in nature. Over

the last _decade, ultrasonics has been found to provide an alternative way to

characterize texture nondestructively and quickly. This dissertation makes

an in-depth study of.the fundamental physical principles of ultrasonic

characterization of texture in metal sheets of cubic and hexagonal

crystallites. The fundation is laid by investigations of wave propagation in

anisotropic plates. This is then used to evaluate the accuaracy of previously

developed, conventional ultrasonic techniques for texture characterization.

Through these studies, improvement of the conventional techniques has been

made and new ultrasonic techniques have been proposed and applied to some

A1 samples. This dissertation also presents the extension of these techniques

to characterization of the texture of hexagonal polycrystallites such as Ti and

Zr. Discussions of ultrasonic velocity measurement methods and errors are

also included.
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GENERAL INTRODUCTION

Texture, or preferred orientation of grains, is the consequence of

nonrandom orientation of the crystallites of polycrystalline aggregates. This

nonrandom orientation is developed during manufacturing and fabricating

processes such as annealing, rolling and drawing. Virtually all

polycrystalline materials have some degrees of texture, and this texture

introduces anisotropy in the physical and mechanical properties of the

material, It is often very important to know the texture when making

products like aluminum cans, automobile and aircraft components.

Traditionally, texture is determined by X-ray or neutron diffraction

methods. The textures measured by these methods are local textures, and

these methods are generally destructive in nature and often very time-

consuming. In its most common implementation, the X-ray measurement

senses only a near surface texture. Neutron measurements sense bulk

textures, but can only be performed at specialized facilities.

Recent advances in ultrasonics have made it possible to determine

texture nondestructively and quicldy on bulk samples. This dis___rtation

analyzes the accuracy of those techniques and lays the foundation for

correcting for various systematic errors. Until now, most of the research in
!

ultrasonic characterization of texture has been concentrated on polycrystals

of cubic crystallites such as Al, Cu, and Fe. This dissertation also extends

the ultrasonic techniques to polycrystals of hexagonal crystallites.

The determination of the texture of a thick piece of material is typically

very simple once the relations between the elastic constants and the texture

parameters are established. Hence, most of the recent studies appearing in

the literature deal with characterization of texture in plates or sheets. This is _
because the ultrasonic waves propagating in plates are much more

complicated when compared to the bulk waves, and those complications

E
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must be taken into account in quantitative texture characterization. This

dissertation also places emphasis on texture characterization in a plate

geometry, and includes the most rigorous discussion of many of the wave

propagation features that, have appeared to date. Some discussions may be

equally applied to other geometries.

Literature Review

Text_lre is mathematically described by the crystallite orientation

distribution function (CODF), W (_,_, ¢), according to Roe [1, 2],
i l

w(_,_g,_)) = _ _ _ W/mnZlmn(_)e "imv e "in¢ (1)
l=o m=.l n=-l

where _= cosO, and _g,0, and ¢ are Euler angles specifying the orientation of

a crystallite with respect to the sample reference frame, Zt mn(_)is the

generalization of the associated Legendre functions. The dimensionless

coefficients Wlmn are called "orientation distribution coefficients (ODCs) '°,

The CODF W(_,_, ¢) is, in essence, a statistical distribution function of the

single crystals within the polycrystalline aggregates. Once the Wt mn are

obtained, W(_, _g,¢) is fully determined.

In addition to the notation described above (Roe's notation), there are

other notations available in the literature [3, 4] that are also used to describe

the CODF and the ODCs. Detailed information on the similarities and

differences among these different descriptions of texture can be found in

Refs. 1-4. In this dissertation, only Roe's notation will be employed.

Although the complete specification of texture requires knowledge of all

Wl mn for l > 0, in practice, W l mn are often determined for l up to 20 or 30

from X-ray or neutron diffraction measurements. Ultrasonic techniques, on

the other hand, can only determine Wt mn for l < 4 [5]. Within this limit,

there are only three independent and nonzero ODCs for cubic crystallites,

W40o, W420, and W440. For hexagonal materials, there are two extra ODCs,

W200and W220. Typical values of these ODCs are on the order of 10-3 to 10 "2.
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The presence of texture in a polycrystalllne material gives rise to weak

anisotropy which can be described in terms of the ODCs. This weak

anisotropy can be sensed through precise ultrasonic measurements. The

foundation of application of ultrasonic techniques to t,he characterization of

texture in polycrystalline aggregates lies in therelations between the elastic

constants of the aggregates, which can be inferred from ultrasonic velocity

measurements, and the ODCs_ For the cubic crystallites, these relations

were recently discussed in detail by Sayers [6] and Hirao et al. [7]. The

development of these relations involves an averaging procedure that takes

into account the anisotropy within the single crystals. Depending on the

details of the averaging procedure, three different averaging methods can be

obtained: the Voigt, Reuss, and Hill averaging methods [6--8]. The

commonly used one in texture analysis is the Hill averaging method [9]. For

the hexagonal crystallites, the relations between the ODCs and tlm elastic

constants have been established by Sayers [10,11], Li and Thompson [12] and

Li et al. [13].

Once the relations between the ODCs and the elastic constants are

developed, texture of thick materials can be readily determined ultrasonically

[6]. Texture in plates or sheets, however, is much more difficult to determine

because the stress free boundary conditions at the plate surfaces cause the

wave propagation t_ be dispersive. There have been many studies in this

area [14~20]. Basically, there are two conventional ultrasonic techniques,

one uses the SHo mode and the other uses the long wavelength limit of the So

mode, where SH o and So refer to the fundamental horizontally polarized

shear and symmetric Lamb modes of the sheet or plate respectively. The SH 0

mode technique alone cannot determine all three W4mo while the dispersion

of LheSo mode must be treated carefully in order to reliably predict ODCs.

Recently, a new technique using Lam6 mode propertie_ has been proposed.

This technique has certain advantages over the conventional techniques
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[21,22]. However, more work needs to be done before it can be applied widely.

There have been many publications which compare nondestructive

ultrasonic techniques and X-ray or neutron diffraction measurements

[20,23-26]. In general, the predictions for W42oand W44o from ultrasonic

techniques are in good agreement with the results from diffraction

techniques. In some cases, the ultrasonic estimates for W4oo correlate well

with diffraction results while in other cases, particularly on A1 alloys, they

do not,

One important application of texture characterization is in the

formability analysis of steel sheets. The correlation between texture

parameters and formability parameters has been realized for some years

[27,28]. The underlying physical principles have been studied and discussed

by Stickels and Mould [29] and Davis et al. [30]. Studies in which ultrasonic

texture characterization is used in formability analysis can be found in the

literature [31-33],

Up until recently, there have been no ultrasonic applications in the

characterization of texture in hexagonal crystallites. Due to the increased

iaterests and needs in aerospace and nuclear industries [34,35], the

ultrasonic techniques for cubic materials have been extended to the

hexagonal materials [36]. These techniques alone, however, do not, provide

sufficient equations to determine all five ODCs; new or different techniques

must be employed or developed [37,38]. Recent studies in this area have

shown some promise in the ultrasonic determination of texture using higher

order plate modes [38].

Objectives of This Study

The commonly used configuration of ultrasonic characterization of

texture utilizes the velocities of the long wavelength limit of the So plate mode.

The theory underlyingthis technique is, strictly speaking, valid only for

plates of zero thickness (infinitely thin). Under this theory, the propagating
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wave is nondispersive and the velocities of a textured plate or sheet cam be

easily measured, However, true plates are never infinitely thin. The waves

propagating in a plate of finite, thickness are plate modes, and these plate

modes, including the Somode, are virtually always dispersive. To determine

texture using the S o mode, the dispersion must be considered. One of the

objectives of this study is to develop, analyze, and understand the exact

dispersion relations for wave propagation in anisotropic plates, These

dispersion relations are the foundations for the rest of this study. Another

objective of"thi_ study is to use these dispersion relations to evaluate two

available approximate methods that make the dispersion corrections on the

measured S o velocities so that the dispersion corrected velocities can be used

in the equations that were developed for the nondispersive long wavelength

limit of the S o mode.

In the ultrasonic measurement of texture, the waves are always

applied in tile form of pulses. The propagation of pulses of a dispersive wave

is significantly different from that of a nondispersive wave. Two objectives of

this study are to develop a pulse propagation model that is suitable for the

ultrasonic characterization of texture and to use this model to estimate the

measurement errors involved in the velocity measurement where the

dispersive S Owaves are treated as riondispersive waves.

In the estimation of one of the three texture parameters, W4oo, there is

sometimes a disagreement between ultrasonically predicted W4ooand the

independent neutron diffraction measurement. This disagreement is

partially due to the limitation of the conventional So mode technique.

Developing a different '_tltrasonic technique to predict W4oo and evaluating

this techniqueexperimentally are additional objectives of this study.

As the demand for nondestructive charac_rization of texture in Ti and

Zr (hexagonal crystallites) increase8 in aerospace and nuclear industries, it

is natural to develop ultrasonic techniques to measure texture of

polycrystalline aggregates of hexagonal crystals. One of the objectives is to
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extend the available techniques developed for the cubic materials to the

hexagonal materials. These technique are, however, not sufficient for tile

hexagonal materials since two more texture parameters need to be

determined. Another objective of this study is, therefore, to develo p other

techniques so that all five W t mn for l up to 4 can be determined.

Explanation of Dissertation Format

This dissertation follows the guidelines for the alternate dissertation

format specified in the Graduate College Thesis Manual at Iowa State

University. The dissertation consists of, irl addition to the general

introduction at the begirming of the dissertation, eight parts, a general

summary, a reference list, acknowledgements, and an appendix.

The eight parts describe the Work completed during the Ph. D.

program. Each part is an independent entity that either has been or will be

submitted for publication. Part I presents a set of relations between the

elastic constants and texture parameters for polycrystalline materials of

hexagonal crystallites. These relations are the key to the ultrasonic

Characterization of texture in hexagonal polycrystalline materials. This part

has been published in the Journal of Applied Physics [13]. Part II contains a

paperwhich investigates the characteristics of elastic wave propagation in

anisotropic plates. This is the fundamental physics of ultrasonic

determination of material anisotropy (including texture) in plate structures.

This part has also been published in the Journal _)f the Acoustical Society of

America [39]. Part III studies two pulse propagation models for dispersive

waves. It provides a tool for the analysis to be presented in Part V. This part

is to be submitted to the Jour_aal of the Acoustical Society of America. Part

IV discusses one aspect of the effects of dispersion on texture determination

using one of the conventional ultrasonic techniques. It makes a theoretical

evaluation of the conventional S o mode technique using the formulae and

results presented in Part II. This part has been submitted to the Journal of



the Acoustical Society of America. Part V uses one of the models evaluated

in Part III to model and analyze the measurement aspect of the effects of

dispersion on the texture determination. This part is to be submitted to the

IEEE Transactions on Ultrasonics, Ferroelectricity, and Frequency Control.

Part VI contains the principles of a newly proposed ultrasonic technique for

texture determination. This parthas been published in the Review of

Progress in Quantitative Nondestructive Evaluation, Vol. 8B [40]. Part VII

concentrates on hexagonal crystallites, with emphasis on the newly proposed

technique. Included are theories and experimental results obtained on two

Samples of hexagonal crystallites. This part has been submitted for

publication in Nondestructive Characterization of Materials, Vol. 4 [33]. Part

VIII reports and compares experimental results for the texture

measurement on ten A1 plates. This part is to be published in the Rew'.ew of

Progress in Quantitative Nondestructive Evaluation, Vol. 10.

This dissertation concludes with a summary, a list of references cited,

acknowledgements, and an appendix that describes a useful signal

processing method to deternline ultrasonic velocity or wave number

information for the dispersive So waves. This method has been implemented

in an ultrasonic texture/stress measurement system that has just been built

at Iowa State University, and the method has been found to produce highly

accurate results [41,42].
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Ultrasonic techniques hn\,e l'ecently been applied tothe texture

characterization in polycrystnlline _lKgregates of' hexagonal crystals. The

basis of this application lies iI_ tile l'elations between the elastic constants (_,j

of the aggregates, which can be infL_l'l'c,d Ii'ore ultrasonic wave velocity

measurements, and the orientation di,_tribution coefficients. This

communication presents such relntions For aggregates which possess

orthotropic material Synl,-netl'v _tnd hex_igonal crystal symmetry Ibr Voigt,

Reuss, and Hill averaging n_eth_)ds in :_ unifled and concise representation.
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IN'I' I:_()1) U(2'I'IO N

There has been incre_/sl,/M' ii_tc,l'est, ill cl_avncterization of texture in
b

hexagonal materinls in l'ecent ye_l's [1,2]. Texture, or preferred orientation

of grains, is of'ten quantitntivc, ly descl'ibed by 'the orientation distribution

coefficients (Oi)Cs) or \'Vl,nn in t{oe's notation [,3,4]. 'Phese are, in essence,

the coefficients of nn expn_lsioI_ ¢_I'tile cl'ystallite ol'ientation dist, ribution

function in termsof'a series of ge_lel'alized spherical harmonics. Now,

ultrasonic techniques a_'e bei11,_'t_l)l)liecl to textul'e measurement of

hexagonal materinls becntlse ()l' tl_oil' nolldestl'uctive nature [5,6]. The

foundation of application of ultl'_tsonic techniques to the determination of

texture in polycrvstalline,, age,t• ,',,",,,"__,at,es of' hexagonal crystals lies in the

relations between the elastic' cot'_st_nt, s (7',,,oi" the aggregat,es, which can be

• "" Thinferred from velocit, y n_u_tsul'er_uilts , _tIl_l tile OI)Cs. is note presents

such relations for nggrev,'tttes wl_icl_ possess o_'thotropic material symmetry

and hexagonal cl'yslal svlltllletl'\

It,' fir
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DEVELOPMENT OF THE RELATIONS

In general, the elastic ,constants Cii and the elastic compliances Si]of

textured materials can be formally,expressed as

Cii= C_ + ACil (I)

= + As j (2)

where C_ and Si_are elastic constants and compliances of the corresponding

isotropic (texture-free)polycrystalline aggregates satisfying the C_1-C_2=2C_4

and S_1 _o .iQo-_12-_,4a isotropy conditions. ACjj and ASIj are the differences due to

the presence of texture; they are functions of W/mn for 0 </" < 4. For

aggregates of hexagonal crystallites, W2oo, W220, _N400, W420, and W440 are

the only five independent members of these ODCs which are nonzero.

The explicit relations described by Eqs. (1) and (2) depend on the

averaging procedures. Voigt, Reuss, and Hill averaging methods are the

three commonly employed in texture studies owing to their simplicity. The

relations between the elastic constants Cii and W/mn for the Voigt averaging

method were developed by Sayers [7]. These relations, although explicit in

principle, rely on the equations given in the appendix of the paper by Smith

and Dahlen [8]. We also independently developed the Cij "" W/mn relations

using the method described by Morris [9]. A comparison with the results by

Sayers reveals that Sayers' expressions can be further simplified to ours if a

print error in the expression for Ylili in the appendix of Smith and Dahlen's

paper is corrected 1. To many users of these relations, this error might not

be obvious, and further errors might be introduced as a consequence of

1The correct expression for YlilliS

0 c 0c 2c 0c '2c .Y1111:=3_s '+6_s +6_s +3_s +_s +_s4c
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applying these relations, One of the primary purposes of this

communication is to correct that error by explicitly presenting the resulting

relations in a form believed to be particularly convenient,

The relations between elastic compliances _] and W/mn for the Reuss

averaging method were also derived and published by Sayers [10], following

the procedures outlined by Morris [9], Practically speaking, ultrasonic

velocities are more easily expressed in terms of elastic stiffnesses rather than

elastic compliances; and the Hill averaging method, which is the arithmetic

mean of the Voigt and Reuss averaging methods 2, is found to give the most

acceptable accuracy among the three, For thi_ reason, it is often more

convenient to ,.'nvert the Sij-- W/mn ,'elations in Eq, (2) for the Reuss

averaging method to the (-Ill""W/mn relations, This can be mathematically
described as

=_-i = (So+ AS)-I= [sO(I+ S°-IAS)1-I, (3)

Irltheapplicationofultrasonicstotexturecharacterization,theanisotropyof

thepolycrystallineaggregatesissometimessmall.Under thisweak

anisotropyassumption,[[S°-IAsI << 1,0,Therefore,theinversionprocess

inEq.(3)canbe carriedoutanalytically,arrivingatexpressionsthat

resembleEq,(I)inform,Similarwork was doneforthecubicmaterialsby

Hiraoetal,[12].At theend ofthisnote,a compm_son tablewillbegivento

show theresultsoftheanalyticalinversionfora givensetofW/mn,

Inthefollowing,explicitexpressionsforbothCvolgtand CReussare

summarizedina unifiedand conciserepresentationwhere thecontributions

ofW2mo and W4m0 can bereadilyobserved:

2Hill[11]didnotexplicitlyproposesuchan averagingmethod for

aggregatesofhexagonalcrystallites.The definitionforHill'saveraging

method hereisa naturalextensionfromthatforaggregatesofcubic

crystallites,whichwas proposedbyHill,



Cll '_11 + 47z214Alc;i + l_l_ll

C2'?,= C_L+ 'lr(?"[ ,:lAl{J.,2+ I_[_l

C88 = C_'l + 4_v'[ 4Al{s,:j+ l_l$:ll
- (-_o 2

C28 = _1_ + 4_ [ 2A,2{_,l + 13[$,1[

C'13 + 4_:"[ 2A_{t,2 + B[Ir,] (4)

(_12 "" '-'12 + 471:21 2A2cs,8+ BI3{._I

(_44= CI14+ 4£?1 A:_{zI + I_[3,11
9

(_{3(; C° :_= ",1,I + 4/I: [ A:t (_.:!+ I',ISul

with c_1 _l (_'10 W,_oo-'_',' 18 W_,eo)210 " "
1 ---

°{2= 2-]77( \/'_ \V_o°+ 2\/15 \V,:.,,2o) (4a)

I ,,T(TW2000t3 = - 1()-_,5

and Iii - _ (SxTT W,loo-. ,:t', 5 \'V.i7 0 + 2t/_ W.i.io)

1 ( ,':jx/_' W,t0 0 + 4_,i_ W.1,2,0 -t-':)_ W,l,lO)[32 = 1-'_

1_8= ___8_ W,loo105

4

{$4= - l"_a ( _J."W,loo+ ,75 k'V.i_{}) (4b)

1$,_=-_( _ W,loo-_"_V_',l,_,,o)1(.35

1 ,;)
[_6 = _ ( "7_'2\/V,ioo- ...,\.,'_) \Vl.ltJ )

where (.rTiiarid r"<',.,ii are t:lVOl'tlg_il-i_ ' Inettiod {lependent; Al, A2, A,j, and B, which

are elastic anisot, ropy cc nsl,<lnts {il'O also ax.'ol'aKing method dependent, For) _ r I

the Voigt avei'agillg mc:tl_,,)d
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1

C_)I ---_( 8cit + i._c,_:_+ 'Icl:))-Be.L.I)
i

C_'u = _ ( cit + 5ct,,.)+ c:m + ,":;ct:)- ':tc,t,t)

C_I,I.= 1 ,) , ,_( 7c11 - 5c12 + ..c,:_,,_-,'icl,_+ 12c,t,_)

A I = a_ =4cit ,_e:]a- ct:_ 2%4 (4e)

Au = aC2'= cit -7ct2 + %r)+ 5eta- 4c,t4

Aa =ac =-5ctl +7c12 +2c:_:3 4cia +6c,t4

B = a,"1: cii )' c:_a--2ct:3- <Ic.1,,

and Ibr the Reuss ave)'aginla' tnetl_od

C'_1= ( S_,+ _'' ":"' _" "_''-,iu) /I( ,_tl - _,i,_)(S'1'1+ -_,--,t,e)l

s'i'- <',2)1""

S_,1 1 ( 8sll + 3s:m + '-Ist:_+ 2s,t 4) (4d)'lg

'i' 1S 2 = _ ( s I1 + 5s t" v s:_:_-)-8._1:_ - ,.qi,i)

So _ 2 ( 7Sll - 5Sl, :, + 9,.4;.,,;_- ,4.qla1 + i]s,l,l)4,,- _ _ -

A 1 = - 4 v.,,14a 1 14 "12 C a-" - 44 0

,As = - 4 '--'44a2 + 14 "'12 "-'44ao

0,,2 ,_Aa = - 4 --'4,ta3
l_()2 s

B =-- 4 "-',t,ta,t

a o = sl_ + sl2 - s::_::_.--st: _ (4d)

a_ = 4sl_ -,:_s:_:_---sl:_--7s._._

I::1_= Sll -- 7S12 + S:I,_ + 5SI: 1 - Sd,l

a_ = - 5sll + 7sl,_ + 2s:m.--,ls_:)+ 7s,._,_
, s 9
d 4 = 81,1 + S:3:_- ..,813-- S,I.t

where cii and sij hre elttstic c(_l_sttt_at.s _I_cl c.oI_pliances of single hexagonal
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crystals and are rolated bv

1 "("33C, 'i ) 1 (c:,:J i ) C,11+C12
---- + , S1'2 = _ , S33 = _'-'-' '

Sll = 7' CO Cl 1 _ Cl,2 ,. C0 Cl 1_ Ct2 C0

Sta =- cia / co , s44 = 1 / c,14, Co= c:ia (Cll + c12) - 2cia,

" Once the (JVoigt and CRou,,_ are determine.d, C.,nill = ( Cvoigt + CR_uss )/2 can be

readily calculated, Notice that, regardless o[' averaging methods, the relation

AI+A2+A3=0 always exists, Int_ddition, there are the following relations fbr

ai and [31:

al+'(_2+(t3=O,

Irl + D_ + 1_;3+ 2( D,1+ 13_+ I_(__= O,

[31+ [35+ [36= [32+ lt,l + {_6= {_;3+ I_,,I+ It5 = O,

Table I lists the elastic isotl'opy '.-lhd anisotropy constants tbr Voigt,

Reuss, and Hill averagin,_' mo/,l_c_ds ibr three common hexagonal materials,

The single crystal elastic coI_sta_ts of those materials used in the

computations are from [131, 'fable II lists the elastic constants (2ii tbr a given

set of W/mn of a Ti plate sample, The rolling history and chemical

composition of this Ti sample are unkown since it was purchased directly i

from a local vender, The Wlmn of' this sample were obtained from neutron

, a_t_c constantsdiffraction[14l, In this table C\, and Cal are the el s', , s_ _ Cii

_ , - a. tic constants (2iiobtained bycomputed f)om Eqs (4), (.;l:l,,'are the el' s '

numerically inverting Sii' CIII and 12I{,eal'e the mean values ofl_v--l_f¢l and

l_v I_R2 respectively ()I_e can see t,h:lt Ci¢l and --' '"" , Cr¢2 arc reasonably close;

consequently, so are Ctl_ and (:_lI.,,

One of the distingtLisl_ed advantages {i)_'the representations in Eqs, (4)

is the apparent reselnblance to tl_c,(-"ii" \Vl,n,_ relat, iotls f'or the cubic
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materials which were publish{._d ill [12land applied widely, In particular,

realizing W2{}o=W22o={} Ibr cubic ll_ctt.ePitils, we can obtain the (Iii "" W/mn

relations fbr tile cubic materials t)y luultil)lying lSIirl EelS, (4b) by 3/2, The

factor 3/2 is the consequence {}t'l{}we_'{}Pd{_Psymmet.Py fbr cubic crystallites,
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Table I. Elastic isotropy and anisotropy constants (in GPa)

, C-_o C'_d (-_oMat'l .method -.11 "'_ -',_1 A1 A2 A3 B

Voigt 1(_,3.,)3 75,5:3 4-1.20 -62,00 1.4.5.00 207.00 23,00
' ( _03.61 1.6.69Ti Hill 162.86 76.07 :1,_.:1) -61.80 -141.81 9 '

Reuss 161.78 76.(i0 .12,59 -61.60 138.61 ,00,21 10.38

Voigt 145.68 72.16 :_,6.76 -55.80 -6,60 62.40 42.40
Zr _ Hill 145.18 7')._8') " ' 5 -4 ' '_ ,.X_.4 9,05 -5.22 54.27 38.99

' , ' 9 '_ cReuss 144.68 72,;L9 16 14 --1_.,,0 -3.85 46.14 35.59

Voigt ii]4.81 ,11.59 .16.61 :_45,40 100.70 -446.10 -31.60
Zn Hill 120,68 :_S77 .t(),9C_ 417.33 17,46 -434.79 -76,66

• _"5 '_,5 25Reuss 106.,), 35,94 .... ;_1 489, -65,78 -423.47 -121.73
_.i ........ ..... .................................................. .............. a. ................... . .......

Table II Elastic coI_stants (-" li_2.:l t:iveil ,_et oI'W/m,_ (in GPa)• .,q .

(Wgoo = 0.014:{')8 \V2,:,o= -t).0/).lS:_,2,W.ioo= 0.003117

\V<t4()= -0.()(3:3411>'<tllct \V.1l()= ().()()23(_1)

11 _ :_'_ Zt 13 12 44 5,5 66
......................... . ...................... ' ........................................... ' .... ...................

160.80 44.18ev 1,q3.o5 1_8.46 71 26 7,1.56 80,27 47.44 40.47

4a, t9 39.09CRt ....158.34 161_35 166.19 72.,16 7_,)._,_,,,,_,e_....9q 4o.67_-' _ "

81.09 45.91 42.79 39.3566.,)s 72 J(.) 75.(34CR._ 158.71 161.81 1 " _" .

17 _, _ , _ )) 80.75 46.55 43.48 39,78H_ 159.57 162.45 167.')9 _t.S(i 7,_.;',

. 39.91CH2 159.76 162.68 167.52 71 73 75.10 80.68 46.67 43.48 '
........................................................................... .....................................
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PART II

INFLUENCE OF ANISOTROPY ON THE DISPERSION

CHARACTERISTICS OF GUIDED ULTRASONIC PLATE MODES
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ABSTRACT .

Dispersion curves.are developed fbr elastic wave propagation in an

anisotropic plate of monoclinic or higher symmetry. Emphasis is placed on,,

analytic expressions for various features. Generalization of the isotropic

Rayleigh-Lamb dispersion relationsare derived for the cases of a)

propagation along a material symmetry axis and b) propagation in a general

directionl Examination of' the high fYequency limit of the lowest symmetric

and antisymmetric mode dispersion curves yields expressions for the half

space surface or Rayleigh wave velocity. It is shown that the dispersion

curves for these modes can exhibit multiple crossings in approaching this

limit, and an analytic solution is presented for the constant crossing interval

that occurs for propagation along symmetry directions. The analytic results

are illustrated by extensive numerical calculations fbr a variety of degrees of

anisotropy with emphasis placed on the relationship between the slowness

curves governing partial wave propagation and various features of' the

dispersion curves.



INTRODUCTION

In recent years, interest in elastic wave propagation in anisotropic

media has been growing rapidly, Historically, most of the work has been
,

. concerned with plane waves in unbounded media [1]; relatively little

attention has been given to elastic wave propagation in.anisotropic plates.

This is an important gap, for in the study of polycrystalline metals or

composite materials, plate structures with various degrees of macroscopic

anisotropy are often encountered. Understanding of wave propagation

becomes very critical in the nondestructive'evaluation of these plates orin tile

analysis of their dynamic vibrations, Similar problems are fbund to have

relevance in seismology. This paper is intended to explore in detail a number

of features of elastic wave propagation in anisotropic plates that are

substantially different from the corresponding behavior in isotropic plates.

Primary emphasis is placed on the case of plates with macroscopic

orthotropic symmetry, although other cases are also considered. Extensive

use is made of both the development of analytic fbrmulae fbr special cases

and the use of numerical examples to illustrate the richness of behavior

possible,

Although investigations of' wave propagation in free isotropic plates

were first reported in 1917 [2] and followed by extensive investigations [3~5],

the pioneering work on propagation of elastic waves in free anisotropic plates

was conducted and published more than 50 years later by Solie and Auld [61.

In their paper, a general formalism for computing dispersion relations fbr

plates of arbitrary symmetry was derived. Using an interactive program,

which carried out all the computational steps numerically, dispersion curves

were computed for wave propagation in a (001) cut cubic Cu plate at angle_ of'

0, 5, 30, 40, and 45 degrees from the [100] direction.. These dispersion curves

demonstrated the great differences between the anisotropic a_d isotropic
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cases. Many of' the f_atures were interpreted in terms of tile dispersion that

would be exhibited by uncoupled SV and L modes, a concept which had first

been introduced by Mindlin for the isotropic case [7]. The uncoupled mode

behavior was found in turn to be strongly influenced by the slowness cu_wes

_br plane waves propagating in unbounded media. Other observations of'

Solie and Auld included the coupling of' SH waves with quasi-L, and quasi-SV

waves for mode propagation in nonsymmetry directions. For mode

propagation along symmetry axes, it was observed that a solution consisting

of disturbances bound to the two surfaces of the plate existed as the high

frequency asymptotic limit of the lowest symmetric So and antisymmetric Ao

modes. The wave speed in this limit could either be less (Rayleigh wave) or

greater (pseudo-surface wave) than that of an SH wave propagating in the

same direction, the latter being a case explored in detail by Lim and Farnell

[8] in their study of acoustic surfhce waves. Solie and Auld also noted the

oscillatory fashion in which the SOand AOmodes approached this limit in

certain cases, in contrast to their monotonically decreasing separation in the

isotropic case. The oscillationswere attributed to the concavity of the quasi-

shear slowness culwes in the direction of propagation. New results

presented in this paper show other possible causes which produce similar

phenomena.

In the last few years, an increased interest in the problem of guided

wave propagation in anisotropic plates has developed. Kosevich and Syrkin

derived analytical dispersion relations for hexagonal plates of special

orientations and studied some particular' features of these dispersion curves

[9]. Markus et al, analyzed wave propagation in an orthotropic plate with

concentration on wave propagation in symmetry directions [10]. They also

noticed that S o and AOdispersion curves sometimes approach their

asymptotic limit in an oscillatory manner. A spectrum of related works have

also been reported in the literature [11-1.8]. At a recent conference, Nayfeh

arid Chimenti [19] presented studies of' wave propagation in anisotropic
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plates with monoclinic symmetry, including analytical expressions fbr

dispersion equations, At the same time, the present authors [20] presented

dispers!on _'elations fbr o_'thot_'opic plates, The computations diFered in

detail (coordinate system either tl"ansfbrmed to the propagation direction o2'

aligned with material symmetry axes) and motivation (characte_'ization of,

composites as opposed to textured metal polycrystals), but as would be

expected, equivalent expressions Ibr the dispersion Curves were obtained.

In this paper, we report in detail and expand on our results [20],

including their extension to monoclinic symmetry as motivated by the work

of'Nayfeh and Chimenti[191], In addition to the dispersion equations,

analytical expressions are presented for the associated features of' the

oscillations of the S Oand AOmodes, These analytical results are supported by ,,

detailed numerical studies of the dispersion curves of several materials

having different degrees of anisotropy. To provide physical motivation, these

have been chosen to correspond to copper polycrystals with different degrees

of preferred grain orientation, Following the observations ofSolie andAuld

[6], extensive uae is made of' plane wave slowness surfaces to interpret the

data. The paper concludes with a short summary of the results.
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The most fl'equently used method fbr analysis of wave propagation in

an anisotropic medium is based on the "superposition of partial waves",

wherein the final displacement solution is obtained through suInnlation of,

plane wave solutions having common sinusoidal variations in the direction

of propagation, The procedure for this method, which htls been used in

much of the prio'r work cited in the previous section, is outlined in the

remainder of this section, The detailed mathematics of equation derivations

can be found in Appendix A,

Consider a homogeneous free plate possessing a symmetry plane

which is parallel to its surfaces, In other words, _he material is assumed to

have at least monoclinic symmetry with the symmetry plane lying in the

plane of t.he plate, If the plate normal direction is labeled as x a and a

Cartesian coordinate system is chosen as shown in Pigl 1, then l;he wave

displacement field must satisfy the governing equations for an elastic,

homogeneous, anisotropic, and nonpiezoelectric medium:

13Ui -Ci,ik I Uk,li ' (id,k,l=l,2,{3), (I)

provided that body ft)rees are negligible, In Eqs, (I), Cijkl are the elastic

constants, u i are the components of the particle displacement vector and p is

the material density, The usual summation over ali repeated indices is

implied,

For a harmonic disturbance o[' f'req_lency (,), the displacement field for n

plane wave solution with no attenuation is of form
-- &

u = Uni ejexpli(mt-klXl) I (2)

fbrwave propagationinan arbitrarydirection.InEq. (2),ejisa unitvector

along the "j"axis,nje]isthe particledisplacementvector(notnecessarilyn

unitvector)andkisthe wave propagationvector,U isthe displacement
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i fl Iamplitucie and nj is the direct,ion cosine o the displace_ner_t when ni el ta a
unit vector,

' A, Mode l_ropagation In an Arbitrary I)ireetion

Substituting Eq, (2) into Gr:Is,(1) anct employing the "lbbreviated notation

tbr elastic constants leads to the Christoffel equations,

At2 Auu A_,:_/ nu =0 (3)

A t's A_,:sA:,_._,J n::_j

where Aij are functions of k 1, k2, and k:s and o_given in Appendix A, 'Phe

solutions fbr plate modes may then be e×pressed as the supe'rposition of all

partial plane wave solutions of Eqs, (3) sharing common values of' co,kl, and

k2, One may view the possible values oi'k:3 as the eigenvalues of Eqs, (3),

which may be obtained by setting the determinant of the coeft_cient matrix to

be zero, The resulting algebraic equation fbr k_ is of cubic fbrm in terms of

'2
k_ , k_ and (o", It is this very character that makes analytical expressions

presented later possible, This is in general not true fbr triclinic materials

which do not have any symmetry planes, Let us define the roots for k:3as

+-_1,-+_'2, and +__,, fbr later refbrenee, The eigenvec, tors for Eqs, (3)ct,,,

then be obtained in terms wf these roots, The eigenvectors are partial wave

displacement recto,rs, and fbr each eigenvalue of k 3, there exists one

eigenvector which is uniquely determined tw within a scalar multiplier,

For wave propagation in a free plate, the wave displacement field must

satisfy the stress free boundary conditions: i,e,,

_13=c_a =_3 =0 @x:_=_+b/2 (4)

where b is the thickness wf the plate,

From Hooke's law, the total stress field can be expressed in terms of the

partial wave displacement amplitudes Up, p=l~6, which are scalar



multipliers fbr the ei_onvector_ of t.hc:_pllrt, i_ll ',vaVc._s,Ii'orcin_ the total _t,rc;ss

field to sati_t_ Eq, (4)lends to si× Itnoar c.,quatiov_swith a ('_x(_c._cmtl'iclont

ma t,rix fbr. l,.Ii_,

For nontrivial solutions, the clet,orminant of' the c'oef'f]cient matrix fbr

Up must vanish, Because l:he plate mnterialpossessesa symmetry plane

,mrmal to the xa direction, the solutions can always be separated into

symmetric and antisynlmetric types, By setting U.t=±Um,Ua=+U,t, and Un=±[t_.;

as needed to achieve these symme.trios, the six li.near equatiot_s tbr Lip carl I_t.'

reduced to a pair of three equations in U1, Ua and U5, The condition fbr a
nc_ntrivial solution is then that the determinant of' the coefficient matrix oi'

the vector {UI, U:.I,Utsi' vanishes, 'Phis loads to nn analytical generalization

of the Rayleigh-Lamb dispersion equations for the anisotropic case:
-t,l t:I

where Pl =p (R1, R2, R3), P2 =p (R2, I{3, R1), P:.l=P (Ra, R1, R2), and

Ri =ri(b/r_)2. The detailed definition of'the function P is provided in Eq, lA,61 o1'

Appendix A,

i1 ' 1 .Because o the existence of'discontinuities in tangent t'unctlons, Eqs, (5/

are not ideal for computation, To avoid these discontinuities in

computations, it is advantageous t;o use the tbllowing expressions,

P tS1C2Ca + P2S2CaCl + P:._SaCIC_= 0, (antisymmetric) (6)

PICtS_Sa + P_C_S_S1+ P:._C:.ISIS,2= O, (symmetric) (7)

where Si-sin _z andC, i =cos _i2

Once a root to Eq, (6) or (7)is found, the stress tields and displacement

fields can be computed easily, Note that Eqs, (6) and (7) are either real or

purely imaginary equations. They are continuous except at a t'ow isolated

singularity points,
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B, Mode Propagation in a Symm_ fry IDirectlozl

Whorl t;lne plato possesses additional symmetry, c_,g,, ort, hoLropic, cubic

or transversely isotroplc, one can take advantage o some sirnplii_cations in

tl._e ctofinitions or t,he Aij in l!_qs, (_:3)duo t,o t,he vanishing or int,errolationship

or some (3f'the elastic c,'onstant, s, ,Moreover, when the wave propagates in a

direction coinciding with a syn_lnct, ry plane, further si mpli fi cn t,ions occur

which deserve some special attention, In particular, partial waves whose

polarizations lie in the plane eontmnlng the propagation direction and the

plate norn_al (sagittal plane) become decoupled from the orthogonally

polarized SH (horizont, ally polnrized shear) waves, li'or small anisotropy, t;he

partial waves polarized in the sagittal plane can be identified as quasi-b and

quasi-SV (vertically polarized shear)waves,

Although the analysis procedure is the same as outlined in the

previous section, the final dispersion equations are in similar hut simpler

tbrms. Suppose the plate has at least orthotropic symmetry, and that xl.-xa

andx2-x a are the additional two symmetry planes, Then when propagating

in the x 1 or x:a direction, SH modes are decoupled f:rom I{ayleigh-I,amb

modes, the latter being polarized in the sagdttal plane,

There are two extra symmetry axes tbr cubic symmetry nmterials, in

these situations, it will be advantageous to make elastic constant

transfbrmation first, then use equtltions presented in this section rather than

those developed in the previous section. These results will not be explicitly

presented in t:his paper,

I_et +-_l" correspond to the eigenvalues for SH waves, 'l"hen, the

dispersion equations fbr lgayleigh-l,amb waves are

QI tan(_"_ '7, -Q2 t.an(,_:;,_. =() (8,,

(+ tbr antisymmetric solutions and-fbr symmetric solutions),

where (;_1= q (R2, R:I), QP. = (_ (I{:_,I{,e) and the function Q is defined at the end
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of Appendix A, The associated coynputational ft)fins are

Q1SuCa- QuSaC_ = 0 (antisymmetric) (9)

QtCuSa --Q2C:3S,2=o (symmetric) (lO)

where Si and Ci are defined in tile previous section, Eqs, (8) carl be further

expressed as

tan _/1%7 Q2 :,_t + antisymmetrtc
• g {1.1}_.w -"2, " - symmetric.

This [brm resembles, and for an iso tropic medium reduces to, the well

known Rayleigh-l.,anlb wave dispersion equatiolls.

C, Surface Wave Determinat, ion

The numerical studies that [bllow irl the next section illustrate a

number oi' interesting similarities and differences in the isotropic and

anisotropie cases. Two of these have led to additional analytical studies,

Appendix B considers in detail solutions that are bound near surfaces in the

limit b ..>oo As noted by Solie and Auld [1611,these must be closely related t,o

tl_e surfhce waves studied by IAm and Parnell [18], The general conclusion is

an analytic expression fbr the surface wave velocity: Pl+P_Pa=0, where the

rule tbr the selection of the ± sign is given in Appendix B, Per propagation

along a symmetry direction, a simple expression for the Rayleigh wave

velocity or the pseucto surfhce wave velocity can also be obtained which is

equivalent to the result ft'ore Royer and Dieulesaint [16],

D, Crossing of So and Ao Modes fbr l._ropagation in Symmetry Directions

.In the isotropic case, the lowest orcler symmetric and antisymmetric

Lamb wave dispersion curves asymptotically approach one another in the

high frequency limit,, with tile slope being tile Rayleigh wave velocity, In

anisotropic media, the modes may exhibit multiple crossings as they

approach the surfhce wave linlit, Appendix C shows that when the Rayleigh



wnvt:_solution occurs under tho condit, ions Ibr which I_,,_nnd R:._at'e e(_mplox

conjugates, t,he So t,nd Ao modos will llnve mult,iplo cl'osslngs with l_[lo

voloc,iW of crossing poinl_s being t;he Rnyletgh wtwo velociW, Also pr'oved in

Appendix C is thnt the st.3t3cingo those clos. tngs is n constnnt, with t;ho

' _ vTv ' " 'e_'osslng8 oec,urring nt k = n , n=1,2,,,, ,whol'e g(Z)is deilnvd in l,;q,

(C,6),
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The equations of' tile lasl section have been used to numerically study a

number of the features of the dispersion curves of anisotropic, ft'ce plat;es, .As

a basis of comparison, th{_ well known behavior of guided modes in an

isotropic mectium is briefly reviewed, "rhrotlghout this section, the

dispersion curve plots will be given in t,enns or the dinlensionless wave

vector bk and frequency -)_ m _ Here k ia defined to be the magnitude of

4the in-plane wave vector, k= 1.._+ 1_ ; the slowness curve plots will be Nven

in dimensionless slownesses k.... -- --- and In ali plots, Vl_, Vsw,
o> V I) (tj V P '

and Vpsw stand for Rayleig}_ wave, surface wave, and pseudo surfllce wave

velocities respectively, V. aI_ct Vi,sw are used to describe propagation in

symmetry directions with the term pseudo surface wave used to denote the

case in which the velocity is greater than that of the lowest SH mode, Vsw is

used to describe propagation in nonsymmetry directions,

A, Isotropic Plates

Fig, 2a presents the dispersion curves for an iso tropic polycrystalline

plate of copper, characterized by elastic constants given in Table I, 'I'he SH

partial waves, wt-cll are decoupled t'rom the SV and L partial waves because

of the isotropy, combine to ft)rra SH guided modes, The SV and I_,partial

waves, which are coupled, combine to lbrm Immb guided modes, The St-I and

I,amb modes can be further subdivided into symmetric and antisymmetric

modes, depending on the symmetry of the displacement field with respect to

the mid-plane of the plate, In this paper, the Lamb modes will be identified

as follows: So, Sl,,,,fl)r the symn_etric moctes and Ao, A l,,,,l'or the

antisymmetric modes, The (..numel'ation starts with the lowest m for a fixed



k, The SFI modes can also be subdivided according totheir symmetry, and we

will int_'oduce the, notation HSo, HSl,,,ibr the symmet, ric modes and HA l,

HA_,,,,f'or the antisymmetri-mocles, In this convention, the inctex"0" in only

used For a mode wh,ich propagates at ali frequencies, i,e,, has no cutoff

f'requeney, Hence there is no mode clesignnted HA(),

The partial waves making up the guided mode solutions must satisfy

the Christoffel equations, whose solutioIls are grapl'licallv illustrated by the

slowness sur'faces, shown in Fig, 2b, For this case of isoi,ropy, the slowness

surl:'aces take the tbrm of spheres (distorted into ellipses in the figure bY the

choice oi' different scales tbr the ordinate and abscissa.) and are indicated by

solid lines, Only two slowness curves are shown, since the behaviors of the

SH and SV partial waves are identical in isotropic solids, in addition to the

solid slownesssurfSces, Fig, 2b includes a pair of dashed hyperbole, These

t'represent the magnitudeo the purely imaginary component of k athatis

fbund when (m/k) < V where V is the velocity of' the corresponding wave type

(compressional or shear),

The importance of the partial wave, solutions in determining the

behavior of the dispersion curves was tirst noted by Minctlin [711and reviewed

by Meeker and Meitzler [3] and Auld 151, At this point, it is worth recalling a

few simple aspects of those discussions, Consider the case in which (,) is

fixed and k increases ft'ore zero, The value of ka will generally decrease f'rom

a finite real value to zero and will then increase with a purely imaginary

value, 'Phis sequence corresponds to the partial plane wave propagating in a

direction which rotates ft'cre the x:_axis to the x1 axis, fbllowed by the

development of an inhomogeneous (evanescent) partial wave solution in

which the fields decay exponentially along the x:,_axis, As this change in

character of the partial wave solution f'rom propagating to inhomogeneous

has important consequences on l,he dispersion curves, Figs, 2a and 2b have

been divided into three regions, As the bounclaries are defined by particular

values of trio), they appear as ve_'tical lines ep, the slowness plots and as lines
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emanating from the origdn with di('ferent slopes on the dispersion.curves.

In region 1, all partial waves _are freely propagating. In region 2, the L

waves become inhomogeneous with an exponentially decay in the thickness

direction. In region 3, both L and S solutions are inhomogeneous.

Four classes of special behavior, intimately relatedto the different wave

propagation characteristics in these regions, are found for the isotropic

media. These special behaviors are discussed in the following paragraphs.

The changes induced by anisotropy will then be the topic of the remainder of'

the paper.

Three Mode Crossjng Points in Region 1

In region 1, a series of' points are fbund at which three modes, a

symmetric Lamb, an antisymmetric Lamb, ar.d a horizontally polarized

shear mode, mutually intersect. The reason for these triple crossings may be

understood from a review of Lamb wave phenomena by Meeker and Meitzler

[3]_ who made heavy use of an earlier analysis byMindlin [7]. While seeking

analytical guidance for the construction of dispersion curves, Mindlin

considered the behavior of long_itudinal and vertically polarized shear partial

waves under the assumption that they were not coupled at the stress free

surfaces. The result was a set of' hyperbolic dispersion curves characterized

by ordering parameters p (longdtudinal) and q (shear). Mindlin observed

. that, if these hypothetical dispersion curves crossed for both p and q even or
,,

• both p and q odd, then the true dispersion curves would pass through the

same point. It is a trivial extension to note that, since the dispersion cmwes

of SH modes are the same as those ibr uncoupled SV modes, three modes will

cross at each intersection.

Two Mode Crossings at Re_gion 1-2 Boundary

Along the boundary between regions 1 and 2, ct_/k=V L, the modes S n and

" HSr, always cross. The reason for this crossing is as follows. Consider first



the S n mode. In general, it will be the sum of two partial longitudinal waves

inclined at angles ±sin-t4 1-(kVL/co): with respect to the mode propagation

direction and two partial shear waves inclined at angles +sin -1 l-(kVs/o_)",

The relative amplitudes of these partial waves are determined by first

forming a symmetric combination of the two sets of partial waves and then

requiring that _aa=c_l_0 at x:p_+b/2, When the S n mode crosses the boundary

line co/k =V L, then the,symmetricL solution is simply u 1 = exp [i(mt-mX/Vb)],

Since this has no associated csla component of stress, the condition that _13=0

at Xa-+b/2 must be satisfied entirely by the symmetric combination of shear

waves. Simple analysis shows that this leads to the condition sin (kab/2) = 0,

equivalent to the dispersion curve for the HS n modes. Hence the crossing at

the Sn and HS n modes on the boundary line.

Mode Tangenqy in Reoon 2

The decoupled L modes do not occur in region 2. Hence none of the

three mode crossings are expected. However, it is found that the Lamb

modes are tangent to the SH modes when they cross the line co/k=_Vs at the

points k=(x/b)p, p = 1, 2, ...The tangencies of the modes (S n, HAn+ 1; n=0,1,...)

are interleaved between the tangencies of the modes (A_, HS_; n=l,2,,..). At

these points, known as Lain5 points, the partial mode decompositions of both

the Lamb and SH modes reduce to a pair of shear waves propagati_ag at ±45 o

with respect to the plate normal. The displacements are, of course,

orthogonal. In particular, the Lame modes contain no longitudinal partial

waves. At each intersection point, the modes exhibit the common group

velocity Vs/_/_:
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Asymptoti¢ Limit in Reci_on_o___

Only two modes are fbund in region 3. The AOmode lies in this re,don

for all frequencies while the So mode passes into this region. Because both

partial waves ar'e inhomogeneous in region 3, the modes take the fbrm of

symmetric and antisymmetric combinations of solutions localized near the

plate surface. The S o and AOmode dispersion curves do not cross each other.

Instead, o)/k asymptotically approaches the Raleigh velocity, VR, for each.

The displacement fields approach symmetric or antisymmetric combinations

of Rayleigh waves on tile two plate surfaces in this high frequency limit.

B. Anisotropic Plates

In order to better understand the effects of anisotropy on these and

other features of guided wave propagation, we have computed the dispersion

curves and corresponding slowness surfhces fbr a variety of materials and

propagation directions. The materials chosen for study were modeled as

copper polycrystals. The elastic constants used, as shown in Table I, were

computed based on a procedure in which Hill's averaging scheme [21] is

combined with an analytical representation of the effect of preferred grain

orientation (texture) [22,23]. Tlie latter is parametized by a set of orientation

distribution coefficients (ODC's) [24,25], whose values are given in Table II,

The ODC's were not selected because of the likelihood of finding these

particular orientations in commonly encountered materials, but rather to

illustrate various interesting influences of anisotropy on plate wave behavior,

Even more dramatic effects would be expected for such strongly anisotropic

materials as fiber reinforced composites. Here "ISO" refers to the previously

discussed isotropic example, "WA" is an example with relatively weak

anisotropy, and "SA", "SB", and "SC" are three examples with relatively

strong anisotropy. The case of "AL" corresponding to a single crystal of

aluminum rather than polycrystalline copper, was added to illustrate weak

anisotropy with cubic symmetry.
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Table III lists the numerical examples and the associated figures to be

discussed in the tbllowing subsections. Irl each figure, the dispersion culwes

shown in part a)is accompanied by slowness curves in part b). The latter

provide important information needed to interpret the former, as has already

been seen for the isotropic case.

Propagation Along a Symmetry Direction

For propagation along a symmetry axis (O = 0°or 90 o in orthotropic

plates; 0 = 0 °, 45 °, or 900 in cubic plates), the guided modes decouple in a

fashion that is similar to the isotropic plate response. Again, Lamb mode

solutions are polarized in ttle sagittal plane and SH mode solutions are

polarized in the plane of the plate perpendicular to the propagation direction,

Bach of these can be subdivided into symmetric and antisymmetric modes

using the previously introduced notations,

As can be seen &ore the slowness curves, shown in part b of each figure

for propagation along a symmetry direction (Figs. 3, 4, 5, 7, 10, 11, 13, ].4, and

16), the SH partial waves have a behavior that is quite similar to that found in

the isotropic case, with the slowness surfaces becoming ellipses rather than

circles. The slowness curve in the inhomogeneous wave region is again a

hyperbola. The dispersion curves co(k) formed for the SH plate rhodes,

obtained through the superposition of these SH partial waves, are also

hyperbole, asymptotically approaching the velocity of a plane shear wave,

,_/C66/p for0 = 0 ° or 900 and %/(Cll-C12)/2p f'or0 = 450 in the "AL" case, as

frequency increases.

The other four partial waves do not generally have polarizations which

are purely parallel or purely perpendicular to the propagation direction. For

modest degrees of anisotropy, they can be identified as quasi-longitudinal

(QL) or quasi-shear vertical (QSV) waves. We have found that the QL and

QSV slowness curves can be divided int.o three classes of behavior which

produce significantly different dispersion curves. These behaviors are



influenced by the fbllowing underlying analytic behavior. As noted befbre,

solution of the Christoft_l equations loads t,o a cubic equation with real

coefticients for k_, Along symmetry directions, tile solution fbr k 3 is either

purely real or purely imaginary [i)r SH partial waves. After removing that

response, k_ for the QL and QSV partial wave,s is governed by a quadratic

equation with real coefficients, It follows from the quadratic theorem that
t

the solutions for k_ must be both real or a complex conjugate pair. After

evaluating the square root, ka can have a pair of real values (RR), a real and

a purely imaginary value (RI), a pair of imaginary values (II), or a pair of

complex conjugate values (CC).

We have found that for a fixed (,), the sequence through which the pair

of roots passes as k increases falls in three classes of response, and that each

class of slowness response produces quite difI_rent dispersion curves. The

class I response is a distortion of the isotropic case (Figs. 1.4 and 16). As k

increases, the solutions for k:_pass through the sequence RIZ-RI-II as first

the QL and then the QSV solutions become inhomogeneous. In class II

response, the pair of imaginary solutions meet, The sequence then becomes

RR-I_I-II-CC (Figs. 3.4, 5, 7, and 13), with the imaginary portion of the

complex pair of roots emanating from the II intersection and the real part

growing from the abscissa in a fashion that has the qualitative appearance of

a hyperbola. Class III responses occurs when the real part of the k3 solution

for the QSV partial wave is a multivalued function of k, as often occurs in

strongly anisotropic media (Figs. 10 and 11). This forces the initial portion of

the sequence to be RR-RI-RR, with the inhomogeneous extension of the QL

partial wave slowness (purely imaginary ) returning to the axis to merge

with the QSV partial wave slowness. Under such conditions, we have [bund

that the full sequence is RR-RI-RR-CC. In distinction to Class II, the real

portion of the complex conjugate pair emanates tbr the turning point on the
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QT slowness while the imaginary part grows from the abscissa in a fhshion

that again has the qualitative appearance of a hyperbola,

The numerical examples illustl'ate the influence or' each of these

slowness responses on the guided mode dispersion curves, For each case

studied, the slowness curves are divided into regions according to the

character of solutions for k3/o), When the corresponding behavior fbr the SH

wave is excluded, one finds 3 distinct regions in class I and 4 regions in

classes II and III responses. The boundal-ies between these regions are

indicated on the dispersion curves by lines of the appropriate slope, Note

that, when SH waves are included in the slowness and dispersion curves,

extra regions may appear depending on the details of anisotropy. The total

numbers of regions fbr- the examples presented here are listed in 'Fable IV.

For orthotropic plates, there are generally four regions in class I response

and five regions in class II and III responses. Due to the smallness of the II

region in Fig. 3, the boundary lines for this region become extremely close on

the figure. Also note that, fbr" propagation in symmetry directions, the

boundary lines fbr the SH waves are always identical to the HS 0 mode

dispersion curves. 'Po avoid overlaying oi' the lines [br the boundaries and

HSo modes and display both o[' them clearly, we plotted the HSo modes for the

range of kb/x= 1-5 and the boundary lines of SH waves fbr the range of

kb/x=5--6.
I

In all cases, regions 1 and 2 have a similar character to that exhibited

in isotropic media. However, examination of' the dispersion curves show that

the three mode crossing points in region 1, the two mode crossing points on L

the region 1-2 boundary, and the mode tangencies in region 2 no longer

occur. This is. not surprising since the analytical arguments that were

previously presented supporting the existence of' these special points

depended in detail on the isotropy of the material. As in the isotropic case,

crossings of theS n and An modes are generally not observed in region 2. As

noted by Solie and Auld [6], this would appear to be the anisotropic
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generalization of' Mindlin's argurnents [7], II' one wrote tile anisotropic

generahzation of' the ' '' dispersion curves for decoupled QL and QSV partlai

waves it would be found that the crossings of' the decoupled dispersion curves

correspond to tilose of' the S n and A,1 modes, However, all these must occur

inregionl where the Qbpartial waves are t'reely propagating, One exception

associated with the multivalued regions oi' the QSV partial waves, will be

discussed later, In distinction to the tangency of the isotropic case, the SH

modes generally cross the Lamb modes in region 2,

Class I response is observed in both weakly and strongly anisotropic

materials (Figs, 14 and 16), As in the isotropic case, there are no crossings ot'

the S n and An modes beyond reg'ion 1, The S o and AOmodes asymptotically

approach one another in the high fl'equency limit, each consisting of

combinations of surface wave solutions on the two plate surfhces, The

velocity in this surihce wave limit, may be either greater (Fig, 16) or less (Fig,

14) than the lowest SH modes, The strong influence of the slowness curves is

particularly noticeable in Fig, 14. Note the near vertical seg_lent of the QL

slowness curve, which implies that partial waves will have group velocities

nearly parallel to the x 1 axis and oi' magnitude close to the reciprocal of the

projected intercept of the slowness curve with the abscissa [5], Recalling that

the group velocity of a guided mode is given by V_. = dm/dk the tendency of the

Sn and An modes to be tangent to the line dividing regions 1 and 2 is

consistent with the notion that the bamb mode group velocit'ies are als() close

to this value.

Class III response is only observed in some strongly anisotropic

materials (Figs. 10 and 11). The multivalued QSV slowness curves and

associated complexities lead to dramatic changes in the dispersion curves.

In contrast to the class I response, crossings between the Sr, and An modes

appear in many regions. Note in particular the behavior of the S o and AO

modes, which cross one another at multiple points as k increases. As shown

in Appendix C, these crossings ali fall on a line passing through the origin
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and having a slope equal t,o t,he Rayleigl_ or pseu.do-surfhce wave velocity,

Furthermore, they are equally spaced wlth tl_e interval Nven in that

appendix, This intertwining c_f'the modes is aconsequence of the complex

conjugate relationship betwee_n the sulutiuns li_r k:3, Intertwinit_g t_t'other

modes is also observed, lt qualitativuly appe_trs that the degree of

intertwining is related to l,he extent of the mt.llt,ivalued tenon of t,he QSV

mode slowness,

Solie and Auld [611noted that the intertwining of the SOand Ao

dispersion curves was related to the multivalued QSV slowness cu_we, We

have found a second condition that produces this same consequence, The

class II response corresponds to t,he sequence I_,R,-RI-II-CC, (Pigs, 3, 4, 5, 7,

and 13), which is generally found in materials with weak anisotropy but

possibly with strong anisotropy (Pig, 13i, I;'ig, 13 is a special case which can

be viewed as having the II region in class II or the second t:{R region in clas_

III shrunk to zero..As in class i, but distinct f'rom class III, crossings of the

Sn and the An modes in class li generally de not occur beyond region 1, A

qualitative examination of' the printed figures might suggest that the So and

the Ao modes asymptotically t_pproach one anot,her at high frequencies,

However, examination of the nun_erieal data, as well as the analysis

presented in Appendix C, shows that they cross at equally spaced intervals in

all the cases presented except Pig, 5, This exception is discussed below,

These observations lead to a generalized interpretation of the So and Ao

mode crossing phenomenon, Solie and Auld noted that multivalued QSV

slowness curves produce crossing, as conf_rmed by our class III results:

Observation of the same phenomena in class II suggests that a more general

cause is responsible, Examination of the analysi_ in Appendix C suggests

that the controlling factor is the existence era pair of complex conjugate roots

for ka when k is equal to the Rayleigh wave vector, This is confirmed by

referring to the above figures, on which the H,ayleigh or pseudo-surf'ace wave

vector has also been marked, Witt_ the exception of Pig, 5, the t_ayleigh or
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pseudo.surface wave vec"_or f'nlls in tlae CC rote;ion ofI the slowness fbr' ali

members of Classes I1 anct Iit; hence, the S o and AOmode crossings are

expected, This interpretation is co1_sisl,ent with the alternate explanation ¢_1'

Belie and Auld in which the oscillatory behaviol' was as,._ociated with n finit, o

real part of the transverse pal'tial wave vector,

t'A generalization o this observatton appears to govern other m()de

crossings, It was reportednbovethntextensiveS, andA n mode crossing

were roland in class III, Comparison of' the dispersion and slowness retoom_

reveals that these only occur in regions in which both the QL and QSV partial

wave solution fbr 1(3 have real components (lqgs, 10 and 11), In fhct, ali the

figures presented support the generalization that S. and An mode crossings

are only found in regions in which both the QL and QSV slowness have real
t

parts, This statement can bevnlidatedbyanalyzingEqs,(ll)asfolluws,

In order for Sn and An to cross, the following equation must be satisfied:

In the RR region where both 1{2and 1{:_are positive, the solutions to Eq, {1.2)

are + = 2n, where n is an integer; thus, there are infinitely many

crossings in the RR region, In the RI l'egion where either R2 or R:_is

( _-), Plugging this

expression into £q, (12)leads to the conclusion that no crossing can be tbund

in the RI region, In the II region where both Re and Ra are negative, Eq, (1.2)

can be rewritten as

(tanS(_lR212)- tanh(%/_i).72 ))(ta h(,,4 / _ :r_ _-))=0,. £ n tanh(,v/lRal' ,

Except the root R,e=Ra, which is the boundary lines of the II and the CC

regions, no meaningful solution exists for the above equation; hence S and A

de not cross in the II region, The crossing phenomenon in t,he CC region, as

mentioned befbre, is discussed in details in Appendix C,



I_ isot,ropic ll_ocliLl_lzld zl_nlly eases of _l_lt_t,,'opy, the lhlyloigh velocity

is loss Lhan the lowest SH veloelt,y, which is nl_l_roachod hy or,hor modes,

However, Cho Rayleigh velocity can be gron',or than that, of Choslowest SI-I

waves, in which case the Rayleigh w_lvl:,s_ll'e,known as pse_udo surface

waves, 'Phis phenomormn has boert observed ibr [)oLh strongly t_nd weakly

anisola'opic "_lates in ali three clnssos Iil_'igs,4, 11, la, and 1(_I),

Table IV sulumarizes t,he charncterislics uf the examples discussed

above,

I_ropagat, ma m a_Ooncral I_t_c,ct,ion

When considering Pvol)agntiot_ in a g'etleral direl.'tion, pure SH

solut,ions do not generally exist, None of tho partial waves have pure

polarizations (parallel or perl_enclicular to the propagation direction) and ali

are coupled by the boundary conditions, lf one imagines propagation al; an

angle slighl;ly removed from a symmetry axis, the Sn and ]-IS,_become

coupled to fbrm a set of symmetric modes while the An and HA n modes

become coupled t,o form n set of al_t,isyn_metric modes, When tile anisotropy

is small or propagation is near a synlllletl'y direction, tile plate modes can be

identified as having quasi-SH or l,nmb character, In other cases, This

identification is often not possible,

The slowness plots can again be characterized according to the

sequeilCe of l'oots, with strong implications on the [brm of dispersion curves,

However, now the behavior of ali three l'oots inust be considered in the

analysis, In class NI, the general form of the isotropic response is tbllowed

with the sequence RRR-RRI-RII-III, Here, the prefix N has been addedto

the previous classification to indicate propagation along a nonsymmetry

direction. In one deviation, two of the imaginary segments will intercept,,

' , .IC(,, Inlea&ng to class NII which has region sequence R RI_,.RI_,I-I_,II-III ' _':

another deviation (class NIII)multivnlued slowness surfaces ent,er,

Numerous possible subsequences can occur which will not be enumerated in
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det_fil, 'l"he nt,tl'noric_Li rr,suits l:_l't,sc.,l_tc,d illustl'_lte s_lne, btit not all, o tile

pc_ssible cases,

'Pho class NI respon', si.. (l!0ig, 15) is again a Vtll'illll[, Of tho isotropic

behavior, Fiowover, t,hore a_'e now only two .-,ats of mc)dos, thct symmetric S, , t,., tl

t_ _ "t 0 ""1modes can be thcJught of' as the cotllbi1_at, ic_no (.ltlt,lSl-S,_ land (_uasl-HS,_ nlodu.,_

while the ant,tsyn_mol,ric An ll_c)c:tescan be tllought cii'as the combinnt, ic_n of
• 0 '_

quasi,-A n anct quasi-HA,_ modes, Along svmmel,ry. directions, the ,_SnLthd HS,_

modes were clocouplod (as were tlleA,_ and HA.)and couldcl"o.ss, This' 1.'._not,

so fbr propagation in norlsylnn_etry direct, icons, and a number of cases of

mode repulsion are observed, Near these repulsions, a mode nlay change

rapidly {'rem cluasi-I..amb to quasi-SH chan_cter or vice versa, The quasi-

l,l'ansvoPse slown _'"css curves, which crossed _tt 0° are now coupled and hence

repel, Thtts the partial wave l)cllarizatic_n rapidly changes in this region,

Class NII bl::havior is exhibited in li'if.,',6 fbr the case of propagat,ion 'lt

450 in weakly ttnisotropic material WA, 'l'he _'osponse is essentially t,hesalne

1 f0 0as that observed in Figs, 5slid7 wit:h theadditior_o certalnmode, repulsiolls

and rapid changes in l)olarization as discussed above, The mode repulsions

in Pig, 6 are not c_bvioua due to the weak anisotropy, but close examinal.ions of

numemcal data unquestionably conlirmed ali the repttl_ons at ali the
,,seemingly crossing points lhr modes c_t'same sy_nmetr'y,

A wide variety of phenc_mc, na can be observed in class NIII, as

illustrated by Figs, 8,9, anct 12, Figs, S and g present results at 30 o and 60 o tbr

stronglyanisol_ropic material SA, These are characterized bya multivalued

regdon of th._, inner quasi-transverse rhode, Fig, 8 shows a case where the

surthce wave velocity is about the same as that of the SH plane wave solution,

In this case, the surfi-_.ce wave is ot' SI--I type because the wave motion has

large SH conat)onent, WheI_ this occurs, tt solution known as the quasi

surface wave (Vt¢Hw), where t,hc, wltve tnt)t.ion I_t:ts a large component in the
"1 ' I I

saggqtal plane., o['(.ei_ exists in t,hc, h(.,(, t'c:,gion [81, A close examination of Fig,

8aconfirmst.hisconclusion, li'ii4, 12 presents results at20 o in strongly



anisot, ropie rnatevi_tl _1_. Here I_c_th il_1_ev _c:! outc:_' qunst..t,r_lnsverse c,ul'v(:,s

ar(._ n_ult;ivnluec:l.

l_ecatase the c()upling _){'the tl_v(_'c,pa_'tial waves in each pinto 1node

makes it impossible to dil'lbl'e_ltillte 8H _tnd l,amb modes, mt)de crossings

may b_ t*ound thl'oughout the dispersion cub'yes in t,he genor_tl propagat, i()n

clireet:ion in any of those cla,.,c.s As. ' "_ , ss, , fbi' p_'opngtttion alongsvmmett'y

direct, ions, special f'eat,uves depending (_n isotl'opy no Ic)nge_' exist, The

surface wave s(}lution is always ft)und in a region in which ali t'oot,s have an

imaginary component, In cl_tss NI, l,ho Ai)and 8o modes asymptol, ieally

approach this limit, In the class Nil.response shown in Iqg, 6, thesurlhee.

wave solution fell in a _'egion with pr.If'ely inlaging so! _L_OnSf'Ol' ka and no

mode crossing was obse_'ved, In class N III response, mode e_'ossings are

observed as the surf'aco wnre limit is appl'oached, which is in a regdon with

ICCroots, However, t.heintevval between evossings is not equal, and

crossings do not fitll on n st.l'_i_'hl linty,

Because of' t,hese c(_mplt,×ilies, explicit, fl)rmuiae tbr surfllce wave

velocity conlputntions tl"tve not l)oerl (_blained, However, the implicit analyt, ic

formulae given in Appendix I_ ape still valid and the solution fl_r the surface

wave canbe found in the ICC region, Although sometimes dit_(_eultto see,

particularly for strong anisot_'opy, tl_e sul'lhce wave velocity is still the

asymptotic limit of the Ao nnd S_-__nodes,

'Pable V lists the characteristics o{' t,he examples discussed in this

section,



IV. {TI{}N(",I,USI{)NS

\,Vo haro cle,vel{}t}ed n set, {}I'dispI_,Psi{}I_{,,quzLt,i{}nsl'{}P{21_lst,icwnre

pPopagnti{}n in a _'{2nePnl m{}n{}clinic I'l'oe lalttLo. These o{.ltl_i,i{}ns ape

consist;ehi; with nncl, whon t,hc, nnis{}i,P{}py vnIlishes, Peduci/_lo t,{}lhc woll

known Rayleigh-l,anlb ctispePsi{}n e(.lUtlii{}llS, As a I}y-l}l'{}duei,, wo htlvo als{}

dorive, d equat, iorls Pop the c{}ml_ut,_lt,i{}n {}l't,ho suPt'ac{:_wavo speed, ThP{}tlgh

some repPesent, at.ive nurnePicnl ex_tlnple,,._ having ctit'IbPont, ct{.,.gPoesoi'

anisotPol.}y, wo have den_onsl PLlt,ed the devitttion of clispePsion behnvior fop

genePal ol'I,hot, Popic l'Pee plat, es t'l'{}mt:he, isotl"}pic one, We have predicLed

that,tbr wave pvopt/l_atinl4 in a syllllllt, tl'y' divect, i{}n, S{}and Ao will er{}ss {.:ach

otheP infinil:oly many times ii' the I_,ayleigh wave occurs in the all-complex-

eigenvalue re_,d{}t_, I,_uPthevmoPe, we hav{; pPovecl that, tbp wave propagating

in a symmetry direction, when So and Ao cP{}ss enctl {}theP, the crossing

points are equallyspncecl, and t,hophase velocitieso ali crosslngpoints are

idenl;ical to that {}t't,he Rayleigh w{lve, Neocllo,_s Lo say, the dispersion

relations fbr anis{}tl'{}pic plates ttro sig'llificnlltly m{}re c{}mplicnl;ed than those

fbr isot:ropic plates, 1OuPl,heP study is inevitable t{} f'ully c{}mppehend the

natuPe oi' the wave pPopagation,
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) "' NTA(I!I_N()\,VI.,I,]I(.,l,',iVII!'_

Ames Lnbor_:_t.oryis L)popnt,_dfbr tho U, _, 13opLl_'t,ment, oi' li]not'gy by t,he

Iowa ,.Wt;_teUnivel'sit, y t.tllclel'cont_'nct, No, \¥-7,:10_-I!:ng-8_, 'l_his wo_'k wns

supported by l,he I.)trectol' lbl' li3nel'gy l_.esen_'ch,()Hice oi' Bnsic i!_nergy

8menees,
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Table I. Elastic Constants (in (]PaJ

Case Cii C22 C33 C23 C13 Ci2 el 4 C55 C66

AL 108,0 108,0 108,0 62,0 62,0 62,0 28,3 28,3 28,3
i

ISO 200,7 200,7 200,7 1.06,1 106,1 106,1 47,3 47,3 47,3

WA 200,0 197,i 198.3 108,8 105,9 107,1 50,1 47,1 48,3

,jr, 9SA 182,1 167,7 174,9 1.o,.. 111,8 119,1 92,1 53,5 67,6

SB 210,3 231.3 170,0 111,0 132,0 70,7 58.2 109,4 24.2

SC 284,3 228,7 245,3 111,6 56,1 72,6 44,7 28.5 32,9

i

Table II. OI4entation Distribution Coefficients
........................ . ......... ...' ......... .. ..................... ,...... ,.... .... .................. ....._...

Case W.,loo \¥420 W44o

W A 0,002 0,0015 0,001

SA 0,025 0.01 0.015

SB 0.03 ] ,,.0,010 -0,018

SC -0,020 0,010 -0.015

Table III. Numerical Examples And Associated Figures

Fig, 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
........ . .... . ..................................................... _, ............. ...=. ................ ........

Case ISO AL, AL WA WA WA SA SA SA SIt SB SB SC SC SC

Dir, all 0 ° 450 00 450 90o 30o 60o 90 o 0° 20 o 900 0° 600 90o

r
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Table IV. Characteristics of Examples fbr

Propagation in Symmetry Directions

Number of Region Surface So and Ao First
Figure Regions Class Sequence a Wave Type Crossing Crossing b

2 3 I RR-RI- II _ R N
3 4 II RR-RI-II-CC R Y 3,2745

4 5 II RR-RI-II-CC PSW Y 4,4512

5 5 II RRmRI-II-CC R N

7 5 I I RR-RI-II-CC R Y 5.9917

10 5 _ III RR-RI-RR-CC R Y 1,2493

II 5 III RR-RI-RR-CC PSW Y 1.2054

13c 4 I I RR-RI-CC PSW Y 2.6450
14 4 I RR-RI-II R N

16 4 I RR-RI-II PSW N

a Excluding SH modes.

b The value of the dimensionless wave number bk/n at the first mode

crossing point of the So and Ao modes; i.e., _ in Eq. (C.6).

c Degenerate case.

Table V. Characteristics of Examples for

Propagation in Nonsymmetry Directions

Number of Region Surface

Figure Regions Class Sequence Wave Region

6 5 NII RRR-RRI-RII-III- ICC I I I

8 5 NI II RRR-RRI-RRR-RCC-ICC I CC

9 5 N I I I RRR-RRI-RRR-RCC- ICC ICC

12 7 NIII RRR-RRI-RRR-RCC-RRR-RCC-ICC ICC

15 4 NI RRR-RRI-RII-III III
.......................... .... ......,........-................................................................-.
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APPENDIX A: DERIVATION OF DISPLRSION EQUATIONS

For a mater_ial of 1nonoclinic symmetry with symmetry plane parallel to

Xl-X2 plane (see Fig, 1), there are in general 13 nonzero elastic constants in

the elastic tensor [26], If' we make tile [bllowing definitions,

0¢11 = Cll cos2ct + 2C16 sin(_ cos(_ + Ct_6 sln"c_
, 9

(Z22 = C66 cos20_ + 2C26 sin(x cos(z + @22 sln_cz
' 2 "

_u3 = C55 cos a +.2C45 sina cosa + C,t.t sin2c_

0_23= (C,44 + C23) sin(z + (C45 + C:_a) cosa (A, 1)

al3 = (C45 + Ca6)sinc_ + (C13 + C5,_)cos(x
0 2

Ctl2 = C16 cos2_ + (C12 + C(;G) sina coscx + C2G s_n a
"_ 2

where k is the wave number in the propagation direction and a is the angle of

propagation direction with respect to x l direction, then the elements of

Christoffel matrix in Eqs, (3)can be expressed as
2 2

rr A2 aAli = (OtllK + Cs,_K:_- C(;(;W) _ , = c_23 -ff ,
'2 2

n A = (xi rrA22 = ((_22 K + (]44K3 - C(_6W) _ , 13 :_ _- , (A.2)
'2 2

Aaa = (c_.aaK+ CaaKa C(_(_W) _- , Al2 = 12K C45 _- ,

/ \

By setting the determinant of Christoffel matrix to zero, we have an equation

of cubic form for Ka in terms of K and W which can be easily solved. By

defining the roots for Ka as (Ka)i =R i , the eigenvector (or displacement vector)

for each partial wave can be obtained through the first two equations of Eqs,

(3) as



{hl} tlfo p:,}n2 = _Ny(R,.) p=1,3,5; r= 2 for p=3 (A.3)
n 3 3 /'or p=5p,p+l , Nz(R,,)

where Nx(R) = (C_12K+ C45R)¢_.ua- ((x22K + C,t4I_- CGaW) ot13

Ny(R) = ((Xl2K + C,t5I{)ctl3- ((til 1¢+ C55F¢- CGGW)%3

N z(g )=(a 11K+ C._,5R-C GGW )(t122 K+C44 R-C66 W)-( Ct12K+C 45I_)2

and the first and second subsc_qpts on tile left side of Eqs, (A,3) correspond to,

respectively, the upper and lower signs on the right side of the equatior,.s.

The stress field, based on Hooke's law _i.i=Ctjkl Uk,1can be obtained as
li

{ Oi3)p,p+ 1 = Up,p+l fi(t-_? ) e.F,_r _x:_ expl i(o)t-k ix t-k2x2)l (A.4)

where fl(R,,)= qgCI_(IR,.),()(g,.)= ,iT_G2(R,,),and f3(R,.) = +-_RrG3(R,.)

GI(R) = CssRNx(R) + C,45RNy(R) + (C4,5 sina + C_,5 cosa)Nz(R)

G2(R) = C45RNx(R) + C44RNy(I_,) + (C44 sinc_ + C45 eosa)Nz(R)

Ga(R) = K(C 1:3cos(x+C3t;sin c,)N x(R)+K(C 23si na+C36cosa)Ny(R)+C33Nz(R).

The relation between r and p is the same as thai: in Eqs. (A.3). The total

stress field is then (Oi3)'P,m_l = Ep=l(Oia)p.

By imposing the stress t'ree boundary conditions (gq. (4)) and separating

the symmetric and antisymmetric solutions, we have, for antisymmetric

solutions,

lt l
q]_GI(R1) Ci "(KGI(R,2) C2 q'KGI(R3) C3 U 1

_/K'G2(R1) C1 q_G2(R2) C2 qKG2(R3) C3 U 2 =0 (A.5)

where Si and Ci are as defined in Eqs. (9) and (10), Symmetric solutions can

be obtained by making Ci <--> Si substitutions to Eqs. (A 5). For nontrivial

Solutions, the determinant of the coefficient matrix must vanish. This leads

to Eqs. (6) and (7), which can be more concisely expressed as Eqs. (5) with the



definition of P as,

P(X,Y,Z) = _/X"G3(X)IGI(Y) G_(Z) - GI(Z) G2(Y)I (A,6)

If the plate inate_ial possesses another symmetry plane which is

perpendicular tothe plate surfhces, then when wave propagates in a

direction parallel to this plane, SH waves are decoupled from L and SV

waves, which means the displacement vectors due to SH waves are

perpendicular to those of L and SV waves. If the added symmetry plane is

aligned with xl-xa plane, then significant simplifications can be made on the

dispersion equations. In such a case, C1G=C26=C:3G=C45=0and Eqs, (A,2)

become Ctll = Cll , 0_22 = C66 , 0'33 = C55 , £t13 = C13+ C15 , (ii2 -- 0t23 - 0, and the

roots for K3 can be solved explicitly as

(K3)1 = R1- Ca_(K-W) (SH waves) (A.7)
C,_

-b±# b2-4ac

and (K3)2'a = R2'3 = 2a (L and SV waves) (A,8)

where a=C3aCs, _

b = (C13C33-2C13C55-C 2_:_)K-. C6G((,;3a+C._,_)W
2

c = CllC_,_K 2 - (C11+C,_._)CGGKW+ CG_._W 2

For isotropic media, Eqs (A,8) give R2,:_=-K + C44 W.' Cll, C44

From the boundary conditions fbr SH waves, we can readily get the

dispersion equations fbr the SH waves as (for both antisymmetric and

symmetric modes):

C44 2
sin(_-l"l ) = 0 or W K + ,---r-n (n--integer) (A,9)

. Ca;

For quasi-L and quasi-SV waves, on the other hand, the eigenvectors can

be obtained from the first equation of Eqs. (3). After applying boundary

conditions o13=c_:_:_=0@ x:_=+b/2 and separating symmetric and antisymmetric

solutions, the dispersion equations become Eqs. (8) with



' ' i '

Q(X,Y) = ,,/_' (AIX+A_)(BtY-B u)

A1 = CaaCss, A_ = [({CllC::3crCla(Ct,a+C_s)l- CaaCc_aW (A,10)

B 1 = Cia , B 2 = C(_(;W- OliN,

One can also use the third equation of Eqs, (3) to get the eigenvectors, The
l

resulting ' 'chsperslon relat, ions, gnven by Markus et al, [10], are equivalent but

in different fbrm,



APPENDIX B: SUI_FACE WAVE SPEED 13ETElgMINATION

B,1, 'Wave Propagates in An Arbitrary I)irection of'A Monoclinic Material

In order to have a surfhce wave, Lhc l-ii must be either negative (so the

square roots are pure imaginary) or conltglex nunabers; this ensures that the

superposition of partial waves has the property of"exponential decay", There

are two cases: 1) I{1, I{2, and Ra are all negative; and 2) I{1 is negative and

g2=Ra are complex conjugates.

- _ +i so we have fi'om Eqs, (5):

P_ +P_. + P::t= 0 (B,1)

For case 2, b_, tatJ :2. _-±i and if R2=a+id, Ra=a-id, (d>0) then
. 21

[tan( '_2rc, --2)]±l_ +i and I t.an(_:_,_, _ )] -, +i thus, Eqs, (5)become

Pl + P2 - P:_= 0 (B,2)

Although Eqs, (B,1)and (B,2)are functions oI'K and W, the surface wave

velocity can be obtained by solving for the ratio W/K; then pV_w, with Vsw

being the surface wave velocity, equals C(;GW/K,

B,2 Wave Propagates in Principal Direction (Say Xi Direction)

Similar to the situation described in B,1, we have two cases: 1) R2 and Ra

are all negative; and 2) R,.)=Ril are complex conjugates, Equations (8) become
/ for \

fbr case 2

Equations (B.3) can be further simplifSea to

A3 Za + A2 Z2 + A 1 Z + Ao = 0 ' (for both cases) (B,4)



_7

whoro Z = pry{, B = Cll(..,:m-,..,l:j , Ao - ,-,_c,', , At =-B(_C',!_:I_C_t_+B)

(2 _ ' "A 2 O:.1:.11C113_(0:.1:t- . .11)+'21t} nnd A:3

Equntion {B,4/reducos t,otile wt_,llkllown Rnyleigh wtlve oqun_ion lhr

isotropic medin,



API_ENI31X (22,MLII/I'IPI,I,; C,R{}SSINCISeP So AND A{}MC}I}I!;S
f "l ")F()F_.WAVI_] I]I{OI}ACIA1IC N IN SYMMt_;'PRYI)IRI:.,{.,_'"'l IONS

When Rayleigh waves {}ceur ill t,hc: region l_,u:-=l_,:_,SI)and Ao modes ape

' ' ' lhls cantbund crosmng each othoP with the cl'ossln_ potnts equally spaced, " "

be shown analytically,

'Phe region boundaPy line of' the l{:_=l{:lPegion is dictated by bU-4ac=0 in

tgqs, (A,8)', 'Phe vanishing of' this cliscriminant Nves another quadrat;ie

equation tbr Zo=F}V_,
,z2

a l.._o+ b lZo + c L= 0 {C, 1}

where a t = (Ca:_-(.1,,_s}_ ,

b_t = 21'2C_a[(.',Ja("_ (-,LI+(?88)+Cl:lCCa_5+C':m)1-_'(C5,_+(-",]',])((]218-CtlC'_'a)} ,

ci =((]2"-t_ _ _la '-_ltC,:m)14(,,_{(]I:_.._C:,,_}+C_l:]--(?l l(2aal,

Thus, if Zo > Z, whore Z is calculable from _q, {B,4), then the Rayleigh wave

will occuP ii1 the e{}mplex region I_,,,=l_8,

} _ I'lWhen So and A{}cl'{}s,_the cl'{:}ssingt){}ii_t,smust saris iy both dispet'sion

equations, i,e,,

_- -(:_ttin :_ =0 {C8}a n d Q_ta n _, ..

Since in the region R,_=R:],t,z_n ,_ ,_, _ - -t, an ), both {}f'the above

dispersion equations become {_t+Q_={},'l'his is identical to l_;qs, (B,8} case 2,

the Rayleigh wave speed c{}mputaLi{}nequaLi{}n, 'Phus, the Au and S{}crossing

points thll on the Rayleigh w_ve line,

Purtherm{}re, the solution t{}tan .;2, : ..

" _T = 2n {C,4}



whore n IH an iili,el.for, This t'lill l_(;,_inll_lific, d t,.

_/_- b = 4l!ill _ ((.},5)

whore li_ b, rind c llro defined in l_-_ClS,(A,8),

Since we know at tllo crossing point, s t,he velocity is the lliiyleigh wave

velocity, Bq, ((.2,_) olin ht; rewi'il, loil <Is(i'ot_l:lil'' (TJiil;\'V/t(=l)VlIt=Z),''

K = g(Z)n _ oy, I<= n_, _ n=l,2,,,, ((7,(_)

where
.I .,:_:_(.,<_n((..t l --z((-._,n--z)..Itc,l l,..,:e,_-,-,.,l:_,nn-,,l:ti ( ,.,',l:_',,r,r,

leer a pai'ticulal' mlitorilil, g'(_',)iS II C'Ol'iS(.{lill, i,[1Oi'Of'()i'O t;ho I.,l"Os,.'S'llll?,setl

dis or,_4ion plot w l)aCt'd,<p, iJtll'VO iii I_ooqu_lily s



X.1

X2

l

Fig, 1, Coordinates of' plate
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A I_N'I't;tACT

In most applications of'disl)el'sive wtlx,es, waves are applied in the Form

of'pulses, lt is well known that wllen a propagating wave is dispersive, a

pulse changes its shape and spreads out, as it, pr'opagates, Two analytical
..

models are available in t,lle literature that analyze the pulse propagation of'

e and the oi;herdispersive waves, One was introduced by Thompson and Llsley

byTerina and (,arrt, t,t and McCumber, The two models we:re proposed in

studies of clifl'erezlt types of' dispersive waves, Both models were developed tbr

Gaussian shapecl pulses, olle ir_ tilne ttnd one in st)ace. This paper makes a

further study of these two 1_l{_clt,ls and discusses their common

characlmristics and ctifferences. Adctit.ional _nalytical solutions fbr various

f'eatures associated with the pulse propagation and disl,ortion are derived and

presented. _meS ()('lhesechara tristicsc'e c_n be used to make interpretation '

of' signals easy ii_ tinge domain. 'Fo evaluate how these models perform,

experiments with ult.r_tsonic disl)el'sive wttves wore conducted, The

dispersive wt_ves elllployed ill til is 10_lpc.,r_tl'e plate (i,anlb) waves,

(_omparisons are made of t]_e experilnental wttvef'orms with the predictions

by the two moctels, lt is fbund tl_lt,, ttt least in this study, the pulse

propagation inodel proposed I)y 'I'holnpson and Elsley is more appropriate

than the other one. Quarltitat, ivc, co_nparisons fbr various aspects of pulse

propagation are also made between the experimental results and the

simulations based on the Inodel by'l'llompson and Elsley. The advantages

and disadvantagesof't,t_e t,wo models _rt_ also discussed, The paper

concentrates on Gaussian _.',haped pulses with a b_qef'discussion fbr non-

Gaussian shaped pulses.
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INTI_OI)UCTION

Since in most apt)licaLions of dispersive waves, waves are applied in the

Form of pulses, successful applications of dispersive waves require a clear

understanding of tile characteristics of pulse propagation. When a

propagating wave is dispersive, a pulse oi' this wave changes its shape and

spreads out as it propagates, Generally speaking, when the propagating

wave is dispersive, the pulse l)rOl_agation is complicated in tw() aspects.

First, the phase Velocity and t4'roup velocity are different, hence the individual

cycles travel atadiffbrentspeed than the wave packet. Secondly, apulse

contains many frequency components and these fl'equency components

propagate at different phase and g'l'oup velocities, some (Sst and seine slow,

leading to an increase in the pulse width.

There have been several published articles in the literature in which

pulse propagation ofciisper_ive wnveais st,udied and modeled. Most of these

articles are related to th(.;_electl'omt_gnetic (optical) pulses, although the

principles are applicable togenul'tll dispersive waves, In late'60s and early

J -_ , / ", "]70s, Terina [1,:21 and (.,_r_'c_tl tL_¢l :_Ic(..,tlmber [3 independently developed

analytical solutions for Gaussian sllaped pulses propagating in media with

absorption and dispersion, In their ptlpers, ihepropagation of pulses that

have a Gaussian shaped envelope in time was modeled and numerical

analysis wasperibrmed toevalutlte tile accuracy of the model. For the

convenience of discussion in this pttper, we call this model "the time model"

For the reason that; the model was developed fbr pulses having Gaussian

envelopes in time, The time model was not experimentally evaluated until

about .ten years later when Chu and Wong [4] reported some experimental

confirmation of the conclusion drawn by (]arrett and McCumber regarding

the pulse peak propagation velocity, This confirmation, however, was

argued by Katz and Alfhno [1511shortly by pointing' out that the experiment, al
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resolution of their measuremellt does not warl"ant tile proof, A review article

with many references published by l_uri and Birman [6] discussed the model

by Garrett and McCunaber and tlae applic,':ltion of the model,

At about the same time that the time nlodel was introduced, 'Phompson

and Elsley [7] proposed another nlodel which approxinmtes thepulse

propagation of dispersive ultrasonic wttves, In their report, Thompson and

Elsley analyzed the propagation oi'pulses that have a _pat_al Gaussian

shaped envelope, We will call this naodel "s _ace model"1- since this model is

for pulses of(]aussian shapes in spttce, Ag'ain, only theoretical analysis was

presented in their repol't., ,1o C'Xl)el'illlellt_ll evaluation o[' the validity of the

model was supplied.

As the application of dispel'sire w_tvc,s increases, better understanding

and modeling of dispel'sive wave pl'op_g_ttion becomes essential, In this

paper, we will make a ['ul'tt_et' stt.lcly oi' l.lle two pulse propagation models and

discuss the similarities and dii'fi:l'el_ces. \Ve will also develop some
, 'b' ,iadditional analytical solutions ibl' x,a_'ious f'eatures associated with the pulse

propagation and distortion, leol;llat, l)_lrl)_sesoi'clarityand completeness,

this paper will present the two I_l(_(tt,ls in ¢1l)al'allel Fashion, Comparisons

will be made as tt_e models t_eing 1)l'esellt,ect. (?(_ncentrat.ion will be placed on

the propagation of (3aussi_ll_ sl_at)ed pulses, I)ott_ in tinge and in space,

although non-Gaussian stlLtl_C,(tpulses will Ltlso be' brietly discussect.

To evaluate the pulse prol)ag_tion models, experiments using

ultrasonic dispersive waves we_'e c¢_nductud on a 2,2 mm thick Al plate,

Waveforms oi' different types o['dispersivv plate modes (I,amb waves) using

two different types of' transducers we_'e obtained and compared to the

predictions by the two pulse propa_,'_tio_ I_odels, Quantitative comparisons i

for various aspects of' pulse p_'opag'ation were also made between the

experimental wavefbrms and the simulated ones f'or the space model,

Through the wavefbrm exan_ples, it: is shown how the pulse propagation

model can be used to determine some of the important dispersion



characteristics of dispersive wnves, At, t,heend of this paper, discussions will

be Inade for tile possible applicntions of this model,

Before we proceed, it is necessary t;o clarify t:he notation Ibr propagating

waves, In the ultrasonics colnlnunity, n wnre propngatingin the positive

direction is generally represented by e.j(o_t-k×l, This is dift'erent ti'om

e j(t°tkx), which is tlle one sometin_es used in optics community, 'Po be

consistent, eJ(°_t-kx will be used t.hrough out, this pnper,
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PUI._SI_ I_I_.OPACIA'I_I()N MOI)EI,S ANl-) ANAI,YSIS

A, l_ulsc, Pl'optlgtltioI_ Models

A propagating pulse , wJl{cl, Col_.J',ai!ls'rl'ltlny ["re(tuency cornponenI,s,
! /

can be expressed by either ()t' tilt,, i"....}]q'll.virl_';'. ] ()kll'ier integrllls:
/

if ''_
us(t,x) = _)- As(k) CXl_l.i((,)t-k',:)I dk (la)

c,l b

Of

/.l.{llI,x) "- 21 ,'\,1¢,.) C\l)} iI (,)l k\)l ii(,) (lh)

where u,(t,x)_,nd tltit,x, ;,ru tl_(, (lisplaut,v,lui1t fields, x is the propagation

distance, k is (he wavu lltl_lll)(,)' ())' .'-'p_Itit_ll'rc'(Itlency, (,) is t.he _irlgular

['requency, AsI l<) ;i i_r] Atf(,));_r(, I'_)_uti()vJsrelt_ting to t.l_el_andwidt.l'_ oi' t.he

spatial I'requev_cv k _v_clt(.v)_l)_)v'_l[)'(,¢lU(,)_cv(,)l'_,spectivc, ly. l,]qui_tion (la) ,,v:_s

proposed by 'l'llovnps()I_ _iI_t] l':Islt,v wl)icl_ c()rr_,,sl_)nds tc)the space model a_d

Eq. (lh)was us(,(l i)_ )n().,<t()I tl_(, nlt_(lic,s uitucl _)_the previ()us so:el.ion which

correspi)ndsI() ll_(, lilts(., r)_(.)(l(,l.'l'll(, stll)sc)'ipl._ t _)_cl siv_ l",ClS.(la)and (lh)

indicate t.hi's t'_)rrt,Sl)())_(l(,v_u_,

Ft)r di,,<p(,rs]v(, w_l','(,, l))'()l:)_,,'_)()v'),_,, , l})c ,'llli_tl]lii', [')'(,(itlOllCV (o is )'(.,Jated I,()

the spatial t'requvx,cv k i)v _l rtispu)'si())_ )'(,l_ti(._)_gove)'v_ing the wave

propagatic)n; i.v., l"( c)),k )=(), 'l'}_is )'(,l:_l i()n is typic:_ilv v_()nlinea)', ()t'ten in_plicit

and multivalued (n_ultiple l_,)(.tc:,). It' \v(, _)sstz_ne that ())_i5'c)ne )')lode oi'

propagatic)r_ is pr(.,sent, i i_(.')_ I1_{' tliSl)Cr'Si(;)_ )'c'l_ltio)_ Fio),k)-() can be expav._ded

at (c,)(>ko),where o)u and k()t_)'(, I1_, _'(,)_Ir:_l _)-)Rula)' ginct spatial t'r(:quenc!es

and (o)o, k o) is the point c,['()pt'l't't/i()l/ ()[' ii-Itr pv'op_tlgat.i)_g wave packet on the

dispersion curve, _s '['ayl()r s(.:,rit,s:

co(k) = (')(I+ (k-kIl,ii k k_--k.+ _.(k-k() -_.l-0)Iclk2'k--l,,,_ '" (2a)
oF
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=ko+ + 2-.  -Idco2+'" (2b)
ii

where dcoldklk=ko= Va = co'oand d2coldk21k=ko= coo are the slope (group velocity)

and the curvature for the co=co(k)plot at the point of operation and

dk/dcolco=coo= 1/Va = ko and d2k/dco21co=o_, ko are the slope (inverse of group
II Ii

velocity) and the curvature for the k=k(co) plot, ko and cooare related by
II II

coo=-V3gko,

Substituting Eq. (2) into Eq. (1) and dropping off the higher order terms,

Eq° (1) can be wAtten as

>us(t,x) = _ e.j(°'_t'ka_x) As(k) exp{j[(k-ko)(Vgt-x) + o (k"ko)2t]} dk (3a)

or

ut(t,x) = 2-1_7_eJ(mot'kox)f_ At(co)exp {j[(o_-m_))(t-x/Vg)-_k'('}(co-OOo)2x]}. aco. (3b)

For arbitrary functions As(k) and At(co), numerical computation is

usually required to evaluate the integrals in Eq, (3). When As(k) and At(co)

are Gaussian funct; 'ns, however, integrations in Eq. (3) can be carried out

analytically, leading to useful physical insights,

Let

As(k) = o_sBsexp[-1B2(k-ko) 2] (4a)
and

At(co) = ottBtexp[-1B_(CO-coo)2] (4b)

where a s and a t are normalization coefficients and Bs and Bt are half widths

of initial Gaussian pulses in space and in time respectively (because, as will

be seen, those are what they represent physically).

With the Gaussian functions defined in Eq. (4), analytical solutionq to

Eq. (3) have been obtained as:

us(t,x) = Us(t,x) exp{j[mot-kox+Args(t,x)]} (5a)

or



ii la ,

'ut(t,x) = Ul(t,x) exp{.il (.I)llt-kllx-Argl(t,x)l} 5b)

where

U._(.t,x)= ............-%.............. ( \/_'t"x )-_
_/2rf(I+_)i/'i_exp{ 2I_,('l-f_:')I 6ai

Ut(t,x) (".t (t_/\lg) I............ cxp{ ...................: } (gb)
_/"_-_( 1+ .fT",)1/4 2B_( I +r 7)

(V_t-xj2't',.

Args(t,x) = ,.{tanl ts-.' .al]_(]7'7.......I +l::r);.... 7ii)

__ l i-x/\",)_rtArgt(t,x) = .tarl1 1:i- _-_ ...."._- 7b)- , ..BT(1+_71
" 2 " )

with l:s=mllt/l.l_iill(I _,=k(_x/B7,

_]qutlLiollS (5-7)describe tw(_ l._t.llsel.)rol.)agllLi(irl soit.ltions with Intlny

interesting ['eal,ures, 'Phese ['e{ltUl'OS llre listed below wiLh FIIOI'O qunntital:ive

analysis arid discussions to be preserli.ed in i.he rest (li' this sect,ion'

lt,, _.2
(1) A_ t.=0, _:,=0, t.;,l(),xl = 7:2-._:C.\l_l.- -.._} and Arg._(0,x)=O, This means_!_

"1, S'that the pulse onvelope pro(liciud IJv the space model has a (.,ausslan shape

and there is no eXtl'[i pi_iisc' sl_it't iii tile t,xpont'ilt which implies the zero-

crossings o[' ilidividiia] cycles witlliil tl_<,ptllse ill'e suparul.ed by un equal

distance 2xlk(j in spncu, I-tow/,vt, i', Iii l.---r(),!'irl) , l.iil(),Xl , the pulse shape

predicged by the tii_ie lll(ictc,I, is sylllllletric but riot, (]uussi_.lri in space, And

because of Arbft((),x)a(), the xerl_-c,l'(_ssiil_s oi' illdividual cycles are no longer

equally ,:!epargit,ed iri splice, tt'lotigh II/e spatial period variation is st,iii

symmetric about, the center ot' l}_c,pulso.

, _ {2
(2) At x=() _,=0, ti,(i,()) _i'_{tenc\pl .... land Ai'VL(t,0J=0. Ti_is means

tliat ti_e pulse envelope pi'edict.cd IJy the time model has a (._-I-iLlssian shape

arid there is no ext, ra phase st_if't iri the exponerll;, irnplyirig a constant period

2_/oJo in time within the pulse envelope. However, at x=0, _:_:0, U._(t,0), the

pulse shape predicted by the space model, is symmelsric but not Gaussian in t
time. The periods within the pulse envelope are no longer constant due to

, irll i _111 t , i , , '1 ' 'lt ,1'



Arg.(t,O).O, even though the period vt_vintion is symmetric nbout the center of

the pulse,

(3) As tile pulse pl'opngntes, lit, nily I]xod tilile t, the Sl.into model

predicts thatl;he pulse remains nsn (]Ltussinn shnpe in spnce, The peakol'

the envelope moves rit the group v_,locity in Sl)nee x(pelik)=VgL, The polik

envelope amplit, ude decl'ettses zts t.lle pl'opugliting t,i,_c,i.l_creases, V_.lrying ns

(1+'1:_)"1/'1, This loss ot' nmolitude, is Itccomt)nnied by. n t)ulso .,_prending with

the spatial pulse length being l)rOl)ortionnl to(I 4-r{)I/2, (in the {,thor hnnd, tl_o

time model predicts nt niiv t_xod l.inlc, I., I,he pulse in sl)nee is i_ot (.,nu.'sinii, ii

becomes asymmetric and the oilvol(,p¢, nillpliltlde d(.:cronses with both the

a,-ymn'letrv and the I(_ss(,f' ptllse (,llVOi()l)t, _iml)li.iuclo direcl.ly rol_li,ed l,o(l-i-r 7),

The peak of' the t)ulso t,nvolol)e ill (his c'_lsoili()vos at _l slightly di|t{,rent speed

from the group velocity bc,c_ltlso (ii' the slow v_irying f'tirictioxl (I +_)it'l in (,he

denominal, or in Eq, ((-;bi. Sinliliir l(i (he Sl.),'.lceill(idol, the pulse spren(ts cii.it in

spac.e as it propLlgl_ites, l'_or h(_lh ill(l(:](:,ls, the t:OllCUl"rl.,nce ,,)('decrease in

nrnplitude nnd increase ill wicllll J.scorisistoill with e(li_servnl,ion oi'energy

within the pulse,

(4) At. any fixed l)rol;l_lgtllilll/(lisl_.lilco x, lhc sl)rice irl(idol shoves t,h__ll,the

t)ulsebocome_ distorted fsl<ow_:,cll_li_d strc,lci-lc,d ill tilnc,, 'l"h(_ l)ulso c,r,velope

is riot symrrletric wii.h rest)etl, l.(i lhc>lit(Is(., conioi" _ind the peak of the t)tilse

decreases _is the prop_.lg_lt,i()ll distarico intJreasos. The rate (:ii' skewing t_lnd

stretchirig is (;l(JSOly nssociated with tllo v_lluo of 1:_, The pulse peak ti'_lvels hl,

u speed a little dif'f'eront ['i'oi_l iho gl'otip velocity, The ditt'orence is tllso rellited

to _,, With the time model, ll(iwc, voi', _ ilIIS ll(I(.[_iilg t(J do with t,ime -- ii, is _t

constant when the propn_titioi-! di.,',t_lllc.ois t]xod, Thus as the pr(ipngitl.ion

"I ig'dislance increases, t,ho pulse i'ot_lii_-: _.l(,_.lt.lS.ill.inshape in time though the

pulse amplitude decrenses nnd the pulse widi, h increases,

(5) At any positive fixed time, t > 0, the zero cl'ossings of individual

cycles within the pulse as predictoct by the space model are no longer equ_lly

spaced at 2rffk o di_le to the extra phase shif'ts described by Lq, (Ta) In



particular, the quadratic (lei)(_,llclence of the s¢,cond term on V_._t-x(which is

l,he varying tc,rlrl within tl_t: ptllsc, etlv¢,l¢_p¢,ill spacel causes the the pulse in

space (:o have a symmetric pllase shift, wit:h respect to the pulse center, The

{'wavelengths o the pulse, t]lol'e[iil'e, i[lt!l'ellS(.' O1' doci'(.!Llse wit:hin the pulse

depending on the sign o{'(,fl;, 'l't_e pr(.,dict_ioI-_o{' the wavelength varial, ion by

),,he time model, however, iu a litr, lo dil'fbrerll, from the st)ace model clue. to t,h(.,

fhct that: "ctis n variable il_ space, ()l' the two terms in I{q, (Tb), the first one is

generally a slow varying Rtnction within the pulse envelope comparing t,o the

second one, Within the s_,co,1¢1te_'I_l oi"Igcl,¢71)), . _ .... is a smooth function

having no ze_'os t_ence t.ll(.,clon/ill_lnt, l:)Zt_'tis st.iii the (luadratic component,

This means that the spatial peri()ds of the cy(:.'les within the pulse as predicted

by the time moctel ilave a silnil_tr v_triat, ion pattern; i,e,, the increase or

decrease of the wavelengtl_s ii1 spttce iu co_trollect by the sign ot' k'l'I,

(6) When viewed _ts ;t ['ullci, ion o[' tinge {i_l'at fixed propagation distance,

the space n_odvl l)redicl.s l ll_tt, dtlt., I(_ til(:, l)r(,st,nce o[' t, i11b()t,h i,erms of' I,q,

(7a.), the phase! shil't iI-lt_'(_clttcc,dI_v :\_'_'_([.,x_i,'a I_()t :',ymn_etric with respect to

the pulse c(.,lll,(:!l'_lll(I l.l_(.,zel'(_ cl'(_s_;i_g's wiil_iI_ lhc pulse are _ever equally

separated in ti_e. 'l'l_e sit.u_tti()l_ I_:,1'(_,is vc,ry n_uch like the one described in

(5) tbr the timen_octel with a qxc,d time, I,il<ewise, thetin_emoctol now

predicts a outcome fbr the period vari_ti(_n in time that is sin_ilar to what

described in the prc:vious l)al'agr_l)l_ fbr tl_e wavelength by the space model

for a fixed distance; i,e,, the extra l)h_se shift, Argt(t,x)is syn_metric with •

respect l,o the pulse center ttI_cl t,hc, p(:,l'i_cls incret_se or decrease in

accordance with the sign of k_,,

(7) The phenomena of' pulse sl)reading, skewing and frequency

modulation (variation of periods or wavelengt, hs) are ali controlled by ('4'_or k'l;,

None of these occurs when _,__(_1'k'_'l=0,

(8) 'l'i_e F'ourier t.)'anst'or)l_s (_['the time signal Ii))' a fixed distance are

different; fbr the two pulse n_()(lels, Au i)nplied by the assumed function in ie,q,



' (' r , ' ,(4b), the nlagnitude o til(., 1,-'()ul'io transl'or_l_ of ttt(t,x)is nlwnvs n (..l(tusslan

On tile oi,her htlnc[, the nlltgnil ttd(>o[' tile l,%tlri(.,r tr_nsi'orln ()1'u,(l,,x) is riot, a

Gaussian, In thct., it,s sh_lp:, dope, lids on tilt, dispersion ['unction k=k((,)); i.e,,

ts',(m)[=As(k(m))/Vg((,)l, wllere A,(k)is M'ivon by If,q, (,:lh), l,'or I)ot,h inodels, _tnd
i

1' 1' 'regardless o the t'unct, ions in A(o)), t,l_o t,,lvolol)eS o Ii'outlet [,l'tlllS['Ot'lllS life

ident, ical fbr any propngat, ion d istaT_co, t_ven though t,lloro tony be sig'nif]cnnt,

changes in pulse onvelol)(:s in tinl(, cl()I_ztin,

(9) When comparing the two pulse propngnt, ion mod(_is, one finds Llmt

the behavior of t,he time mc)dol in sl)nee is sinliinr t,o that o|' the space model in

time and the predict, iolas ()[' [.lie ti111(,_ll()clel ill time is also similnr t,o those ()t'

the space model in spzlce. 'l'llis is, ()['c()urse, duo t,o the silnilarit,y in the set,

up equations (l,qs. (IIi) alld (II))) _ln(l the _lssurnod ('Inussin)l ['unct, i ) '(ns in l,q.

(4),

• t'lg, (i.',i_:t_g'c,() l'eri()(t,,; will,in tl_o Wnve I_ncket

Typ'ic_tlly n puls(., sig_t_l is ({ispl_tve(t in tilne domatin ()l_ n oscill()sc()p(..,

fbr tt fixed prol)_g_tti()_ tlJst_lll(.'t' x. [_)t't!_ltls()()f' tilt, (:!XI,va' l.t,l"lll Arg(.t,x)in t,he

exp(ment:ial terI_ il_ l,,_',.(7), til(., l)(.,rit)ds t)l" tile cycles wit.hit_ a v,,nve packet [i)r

a ditq)ersive way(, vltl'y ['1'()_1_())1(, I()c_tti()n I()_utl_er, lf'n l)l_rti(.:ullir zt, r()-

c_o,_s_ng corresponcts t.()

{O()t - k()× +/\rgs(t,,x) = ")ILK-)- 0 (Ibr the sl)L1cc_ lilt)dol) (Nrl)

oi"

(,)()t- k()x - ,,\rg_(l,,'<)= 2)_ + (I) (('()r l l_t, time _nodei! (HL))

where t'is an arbitrt_w phnse I"nctor, nt _ I]xod prOl)agz_ti()n distance x =xo, l,he

period as measured (')'()_]_tw() c()llst,(,tll iV(., z(,r()-crossings .,\l,=l._Tt.1can be

expressed as

moat ± [At'gs,t(te,x()) - Arg,,,t(tl ,,'<())]= 21_ (9)

where the plus sign col'rt.,spoi_ds to t,l_e stlbsc, l'ipt, s ['or the ,space' model and

th ; minus sign corrosp()nds t,()t.ho subscripL _ fbr ghe time model, The

th,,oretical period which curresp()i_(ls t,o the central ['roquency of the pulse is
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l.)o=2_/{Otr

B eca u s e

!_.!',%!!..t.?,x())...... ..Arg.,,_(t_,.,<())_._.......il,,\_'_,,,,L((,x(,) (I0)
12 " tl til '

Eq, (9) tun be ut.)pv(.)×imiitely )'ewritt.on rts

At = .................!2(.!..................... (1I .)
1± I i)Al'g,_,t(t,x())

(0() _)l

and Lhc (.'.hango ()I' l)eri()(l ,'kt;withirl the l)tllse c,nvelol)e; i,e,, dAt./dL tun b(2

obtained as

i)2;\ l'g,,[( 1, \())

Cls5..l= :Ll)() ()t': (12)
til o)(i t),,\ _'

, I ;(_: ! ..rg"'_(t'":())
! (o() ()i i

lt,_ other w()r(ls, d.Xt,/(It l_u< s_it(i(:,sit41.__is (J',.\rgaii,x())/'iJt2 ['()r t,ho t,i)llo
") I

)nodel und ()pl)()site si_)_ lis ,)':\_g,tt,x(,)/r_t" li))' lilt, splice ill()dt,.l.

'l'(.) s(.,t, tl_(, l)llysic_il )ll_,_l)_,)I).,,s()l' l'](IS, i I I)_l)l(l (I'2) c.lt,(ir!y, w(., zit,e(.l t,()
") _,

kn()w iJArg/i)t _i)_c'lO".,kluh)(' Ik)r rh(, tw()ili(.)(l_,ls, l,'()r tile tiille )n()c:lul, Argt(t,x,)

is u sec()n(l ())'(I(,)' l)()lyI,,))li;_l iii i, sirice I.'t is _i (:()nst_itl( ['()r x=x(), 'l'hurt, i'(_rt,
") ,)

the sign o['_J".,klt.,d<)i"is tl_(, ol.)pt)sit(>_t._k,), wllicll lt,li(.l_ t() i.i (loc)'t,_s(_, li)r t.h(.,

pel'iods ['r()nl lilt, It:'il(tinl4 t'(lt.',(' ()I' Iii(' l)llls( , 1() Ill(, Irlliling edge t'()r ii positive k(_

_l)ld ii irit:r(,list-, t(.)r _1u(,giliiv(, k<), 'l'llis _lls()Ili(,liils that., ['()r _i p()sit,ive l{i'OUl;)

velocity V_i, wil('il (I)()>(), lile llil.4ll ['i'('(It.Ioilc'.y t'()llll)lii_t;illS ()[' tile pulse liro lit l.llu

leadinl4 (.,(:igt,()[' li_(, l)t.ifSC' ill)li \Vi'lt'li (,)l)<l), the liiw [')'(,(ttlt'llC'.y ('.()Illl}()I1C_II[.Stll'C'

tit, the lt:ar.tii_ t,tl_(;,,

PIll" Lho splice nl(J(.iuI, iii(, t,xtit'l (,×l)l'('.,s,_iolis ['()1' the t,w()(terival,ivc:s are

cl.)nlplicat, ed t)OC_iLIS(: (Jt' t.]l(.' (Jet.)(.'il(l('liCO ()[' 1:.<()t_ t, [)til generally iilliltt, t.SS<ll'V,

The charactei'isties ()[' lll(,s()(-l(.,rivlitivc, s t!_ili t)e ['oul_d I)y lin_llyzing {.J_(L,×)ai_(t

Ai'gs(L,×) in F](ts. ((3)_lil(l 17),

li_rolil 1'](!, ((i_l), _(, see ii/lit., I)(;,c'.litlS(., (I +_).1/,1 is a .,.;lowVlll'yillg function



in Umo whon compnPed t,o exp{ (_'_;tx)".... .,- ), L.J_(I.,×)is Lus_ t,han _',_, of'
2 I_( 1-0.r_,)

'I

b (V_,t..xl" c_,,_ Wlt,hlK_t,heUH(L,x)I,..×Ibr= ........'........> l_ wllereL,rJt,x)l,..x'=...................,
_B.,;(I+v_l J__( 1+_s11/'_

pulse onw:,lope, b varies l'pom 8 t,o zero and brick t,o 8; b bee,on_e.s zero ut, t:=,'x/V_;,

near (nel: at)t,he peak oi' pulse envelope, In t,his l'egion, Arg._(t,xl chttnge_ t'r'oI_

Arg,,,(t×)lt,-- -Ltan'11:.,,..3_ _- _r,;to ,'\rg_;/t,x/Ic-------!;-tunI 1:,,und bnel,,,to' ' 2 ' ' " ' 2 '

Args(t,x}lR = - 3_, vJitl_ subscript:s I,, C, _lnd I-l,indieatirlg left, sicle, cerite'al, and

righi; side of' t;he pulse envelope, l_c,enuse oi' this vnriat, lo'n pnt, t,ern fbr ,,\rg.,lt,._)

within Lhc pulse envelope, i)2,,\rg./i)t2>O whurl 1_<0 li,rid _)2Args/3t2<Owhen l:s>O,

Tb.us, whe.n m'l'_>O,cl,,\t,/dt.>O, the p_._rioclswit,hirl l_l_epulse ine_'easo t'_o_n t,he

let_ding octge t,o the t,railing c,dge, and vice versa, Nat, urally, t,his

approxim_t, ed analysis should not be applied when the propagat;ion ctlst,ance.

is close U_zero where (l+r_) 1'1 is not a slow yawing t'unel:ion at, all,

Note that t,he period variations l_rediet, od by the space model wii.hin t,he

pulse envelope has I,he ,_tlne l,reI_d _ts the t,l_oso predicted by the time _no¢lol,
u

ttlU_ougl_ t,here is a slight dil'i'e_'c,nt iI_ details, in l.he depender, ce on t,he c,)i),

This conclusion, oi' cot tl'se, is ttladc,_' t.l_e condition t,hal, group velocil,y V_ is

positive which is often t,t_e case lhr ultra,'on_c dispersive waves; this tony not

always be true,however,Ibrelecl,ro_nagnet,icor optical',,rave,s,

The physical implicatio_ oi' t,his ('eaI ttre is that, m'l')can be qualit, at;ively

determined as greater of less t.l_an zo_'o directly fl'oma waver'otto, This is

depicted in Tnble I, 'Phe experi_n{,i_t_tl i'esults t,o be present, cd lal,er will verify

l.his phenomenon,

C, 'l'w(_ I_po_'t,_tl_t. 'l'i _ne lx)eal;ions

There are two in_l,_ort,ant time local, ions within a pulse which are of

interest, Ii'irst one is the t,ime t,pof l..}_epulse penk loeat,ion, l?or l.he t,i_ne

model where _:t.is con,.'st.,.tI_t.," for l-t l]xed distance, t,he peak o(' t,he pulse envelope



t,vuve,ls ht, the group vul_c'it,y Vii ltflcl Illu p_,_l<_ct,u_s _LI,tp=×lV_:_

Por/;he _I._ico.n_ociolwIlt,t't,_:.,.i_eL,,'lll'i_LI_loi_,t,iu_o,rho po.nkt)l't,h_>l)Ul_t,

onvolupo(:Ioosno/,vnc)votil,/.flu_4't'(_tII2vui_cityillI.ilt_o;t.l_epunk dc)est_ot,occul'

at;I,=x/V_due t,o/,hedopendonce oi'iilecouII_ci_.,l_t,ii_I'v_ntul't,i_ooxpono_l,inl

I'uneIAonon t,ime,in.Eq,(6hl,Inlhc/.,by n.,wl'it,inF,_t.I_,(t,x)as

, ' = ........,....isI,ho c(:_nst.ant,(',(_eIlictont,,l'iCt)::(I+_'_)I/4l,.I_(t,x)= c I"l(t)I'2(tX), WhOlo C (:t_
f2:7_

(V_t.x) 2 .

nnd r2(t,x) = exp I-...,1t,,( 1+_:_-)......_.............;..-}, one Iincls t.llllt, t.t_(:l.)ettk ()t' I,he pulse unve.l()po

occt.trs wllon irjt.l,,(t,x)li_t:=():

til'itr) _Jl',(t,x
oe l"2.(t,x)......di...._-l',(t)'_it : (>' (II_4)

_' t I * I ,, ! i,..._ncotbr L > (), til'l/tiL < () 11.-..tl _tt I',,-.,.. I.) l(_.s_ltist',,,,l,,q, (li.l), i)t',/}it.,tllust bu

grectl,er than zero, This I(.,l_dsIo the c()rlclusi()u ii, < x/Vg vol.,mvdlessof t,he

sign of' m'l'_,

irl ['aeC, f'ttvt,hur n_atl_utl_tttcal ttt_t_l.vsis sl_t)ws l.h_.t,

_.a..>iI,> _................}..

V_: V_ I+!I.....{'!_i)_2/I_,,.V,,

c,)i_ " '_; I.-I (' '
nnd ii' .12.....................B, Vv, << 1, _ts sc,l_et.ilnos is t ll_, cl_so, tl' " \/_,. :l_V:i .'

the ve.locit,y of t,he pulse, pt,_tk is I_,irutttort l_ttv_tile truu 14re,upvulocii,y,

The second import, anl. t.in_o l()c_tt,iol_ witl_in _ wnvo I.mCkel,is t,l_et,imo LI)

,,.vhe.rethe measured period ,.\t c_,_.lU_llst.l_eppriod 1) oI'conl,ur t'roquoncy t'u.

Iorom l,q, (ll), one sees theft :\t I)c_wl_ov__,,\ru/i_t= (),

For t,ho t,i_ne model, l,his ovc,ul's wllc,_'_I. = x/V_ t..t), In oi,her wovel., l,l_c:,

period o(' t,he cycle ctt.the po_tk _)1'tt_., I_ulst, t,l_vt,lt_t)e has the period

correspondirag t,othe cent,or fv'c.,_.lttUr_cyt_I'Iitc pulse, l,'or t,l_esp_tc.c.,,|nodol, t,l_is

is not; t,ruo. As ctisct_ss(_.,dl)c,l'()l'o,,bXrt,,/i_t= () t)ccu|'s neat' t, = x/Vg, In t,ixis

vicinity., i)Are,/i)t,can be ,tl.')proxi n_tI.{.,cl_ts
'" /

OArgs(t,x) (% \ ,,C_,I-. x) "t',.............._-................•.......................'.....'-'......., (14)
OI "2B2(I_ 2 I_,_I+

Sot,t,ing I,his exl)ression t.()zt,l'c)Ic,_tclstc) 11:) .'--..x/Vi,,

' ' _llf ' ' , 11
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D. Phase Velocity Variation within the Wave Packet

Because of the term Arg(t,x), all zero-crossings within a wave packet do

not travel at the same speed. If we define Vpm as the zero-crossing velocity or

the velocity 'which would be measured through a small distance change; i. e.

Vpm = dx/dt, then, through a total derivative of Eq. (8), one gets,

Mp m _ dx _ COo+ c)Args(t,x)/c)t (15a)
dt ko- c-)nrgs(t,x)/_x

or Vpm- dx, COo-aArgt(t,x}/{}t . (15b)
dt ko+ c)Argt(t,x)/$)x

It is conceivable that the modifying terms _)ArJatand aArJax are in

general small comparing to (')oand k o respectively. Therefore Eq. (15)canbe

approximated to

Vpm CO0(l+ 1 _Args't(t'x} .4 1 c)Args't(t'x))= - coo at - ko : (16)
where the plus sign corresponds to the space model and the minus sign

corresponds to the time model.

Recall that zs is a function of time and zt is a function of distance only,

we have

3Args(t,x) Vgt- X OArgt(t,x) t, x/Vg• = _._ and =- "tr. (17)
ax t32s(1 + _2)s at 13_(1 + 1:_)

Since within the wave packet, tanl": and 1:/(1+1:z3are slowly var'ring functions

comparing to (Vgt-x)2,_Arg._(t,x)/i)t and c_Argt(t,x)/c')x can be expressed as

aArg_(t,x) __ Vgt- x Vgv._ and c)Argt(t,x) t- x/Vg vt (18)
at B_ (1 + v_) c')x 13_(1 + 1:_)Vg

Then Eq. (16) becomes

( Vg .-,, B_(V'_tx) )(1 + ¢_)Vpm= Vp l+ (1-V )k._T, l_s (1,qa)

and Vpm=Vp(1-(l ....V._g}?k_} {Vgr-x) "_t)13_{l . "¢_)V_ (19b)

where Mp is the phase velocity as determined fromcoo/k 0 (center phase

velocity). And the velocity change, dVpm/dt, within the wave packet becomes'

dVpm = Vp (1 - _V_ I Vg zs (20a)
dt Vp) k{}B_ {1 + z_)
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and dVpm _ Vg 1 zt/Vg (2Ob)
dt Vp (1 -_-_p)ko Be ' 't(1 +1:[)

Because _/(l+v 2) is monotonic, dVp,jdt is a monc, tonic f'unction too, Whether

Vpm increases or decreases monotonically depends on the sign of o_i_or k{las

m(i=-V_ko, gqs.well as the sign of (Vp-Vg). Note that because of" the relation " 3 " ,

_(19) and (20) give consistent predictions for both the time and the space

models, unless, of course, the group velocity is negative or infinity,

For the space model, at t = tc = xAZg, c)Args(t,x)/c.)t= 0£/12B2(1 +_2)1 and _

aArgs(t,x)/Ox=0.At t=t D > xAZg, ?)/\rg_(t,x)/Ot = () and 3Arg,_(t,x)/ax is related to m'(')

by the first equation of'Eq. (17). Using Eq. (15a), one concludes that at both tc

and tD, Vpm > Mp when t,_(_> 0 anct \'pm < Vp when m't'l< 0.

For the time model, at t- rp= tD =x/Vg, i)Arg_(t,x)/Ox= k'(:/{2B2(1+z_)l and

3Argt(t,x)/Ot=O. From Eq. (15b), one finds that, assuming positive group

velocity, Vpm > Mp wheq k(/< 0 or o)(i> 0 and Vpm < Mp when ko > 0 or c% < 0.

The Vpm and Vp relation within the wave packet is summarized in

Table II for the space model.

• E. General Comments

The features presented and discussed so far are for the Gaussian

shaped pulses. Depending on the model chosen, the predicted outcomes in

different aspects can be similar or different. Both models predict a

monotonic change in _he period variation and measured phase velocity

variation within the pulse envelope. The two models however, disagree on

the pulse envelope shape variation in time and f'requency domain as well as

in space. Experiments to be presented in the next section will be used to [

evaluatethe perfbrmanceof'the two models,

Real pulsesare neverGaussians, Many ofthem are not even

symmetric. There will be inevitably errors involved if one uses the two pulse
Pmodels without discretion. 1 ortunately, many pulses in real application are
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close to Gaussians at the beginning of' propagation, It'one_.magines a non-

Gaussian pulse as having many Gaussian components (similar to

expressing a periodic function as a sum of many sinusoidal ['unctions), the

pulse may be expressed as a series of Gaussians, hopefully a convergent one

For a fast convergent secies, one may conceive the first Gaussian term will

provide a good approximation to the non-Gaussian pulse. In this case, some

trends for the features discussed for '/he Gaussian should still be valid, and

the pulse models should be able to provide some reasonable guidance. The

bad news is that it is often mathematically impossible or impractical to

determine the expansion coet'fici_;nts associatedwith the Gaussian series.

As one may have already noticed, the models presented here have not

attenuation or absorption factors included, If one wishes to include these

factors in the models, the integrals in F,o,. (3) may not be solvable analytically

except fbr some special f'orms. Thl"ough out this paper, we recognize the

existence of these factors but assume they are negligible in the analysis.
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I_;Xt;_Ii;R1M I!;NTS

..... To evaluate the pulse propagation _nodels presented in section II,

experiments using ultrasonic dispel'sire waves have ,been perfbrmed, The

experiments were all done on a 2,2 mm (0,087:{") thick A1 plate, This plate is

smooth on both surfaces with no significant t,l_ickness and property

inhomogeneity. Pulses of' dispersive plate waves were applied to the Al plate.

Some experiments were done using I;i;MATs (electro-Inagnetic acoustic

transducers), others using collventional PZT transducers, For the

experiments using I!;MATs, the S0 _nd the SFt 1 plate modes were excited. The

spatial periods of the So anct t,l_e SH l b;MATs are 5.1. mm and 5.4 mm

respectively. The operating fi'equencies fbr the two plate modes were about

0.8-0.9 MHz, For the experiments using PZT transducers, the So and the A1

modes were applied. ThePZT transducers are 1,inch diameter Panametrics

broadband transducers'with center fi'equency of' 1 MHz, In the PZT

experiments, pulses were transmitted into the A1 sample through local

water couplings at appropriate angles, In both EMAT and PZ'F experiments,

pulses were launched by at transmitter and picked up by a receiver, which

was separated from the transmitter by distances of 100 mm to 200 mm. The

So and the SH1 modes were chosen in the IgMArI' experiments because they

have opposite signs fbr (,_t_at the operation points, providing an ideal model

evaluation environment, Pofthe same reason, the So and rheA 1modes were

chosen in the PZT experiments.

A detailed texture study of' t,l_o plate was first perfbrmed by ultrasonic

techniques [8,9], The texture paramc_,t_:rs have been found to be W4oo=6.0x10 a,

r. 0-4W42o=8.6x10 "4, and W44(Vo,6xl [8,10, and 1111.The elastic constants

(stiffnesses) corresponding to this set of' texture parameters in A1 are listed in

'Fable III [12], It was tbund that the anisotropy introduced by the presence of'

texture has significant influc_,nce on the dispersion characteristics of the Al
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plate, particularly ii1 tile region near the l_ame5 point where our EMATs

operated. This can be see,n from Fig, 1 which shows dispersion curves fbr the

wave propagating in Lhc rolling direction of tile AI shee, t [,13], In Fig, 1, two

experimentally determined dispersion curves of the S o and the SH 1 modeS are

plotted along with their theoretical dispersion curves which used the elastic

constants given in 'Fable Ili. The apparent good agreement between the

experimental and the theore.tical results in Fig. 1 indicates a proper

inclusion of anisotropic (or texture) effbcts. Note that the two modes do not

touch each other tangentially at bk/_, the Immd point where the two modes

would have if' the Al plate were i,_otropi,' [ 14, 151, For the convenience of

discussion later on the waveti_rms acquired using PZT transducers, a wider

spectrum oi' dispersion curves of l_amb modes (excluding SH modes) are also

given here in Pig. 2 fbr the propagation in the rolling direction. Incidentally,

all the propagations discus,_ed bcl'earl, ct are for the propagation in the rolling

direction, unless otherwise specified.

Figures :3-6 are the experimet_tal wavefbrms lhr the So and the SH 1

modes as obtained li'ore the EMA'l'_xl)erinnents. Figures 3 and4arethe

experimental So mode wavefbrms _,Jr transducer separation distances of 110

mm and 165 mm respectively. Figures 5 and 6 are responses of"the SH 1mode

with separations of 120 mm and 220 mm, They were acquired after an

average of 500 repetitions. The instrument settings for Figs, 3 and 4 were

identical, so were the settings for Fig's. 5 and 6, However, the settings for

Figs. 3 and 4 are necessarily ctit't'erent fi"om those fbr Figs, 5 and 6 due to the

_" ATtuning requirement fbr theism system. This is primarily because the

exciting signal is a narrow-banctect t,onebu_'st and the EMATs have a narrow-

banded filter characteristics." ' The t,oneburst u,sually" has about 4-6 cycles and

the EMATs have a two and half sp_tt,ial periods in winding. The pulses

excited in the Al plate have envelopes that are close to triangles which may be

considered as approximations of Gaussians. These pulses should be

symmetric initially both in tilneand in space. Table IV lists parameters of



the Soand the SH_ waves at the points ot'operation, In Table IV, K=btd_,W

= 2bf/V t, W'=V_/V t, and W" = r_V_c,,_l'/b,where b is tile plate total thickness anct

Vt is thebulk shear wave velocity of' the corresponding isotropic media; these

quantities are, respectively, dimensionless wave number, dimensionless

frequency, dimensionless gi'oup velocity, and dimensionless curvature fbr

co=co(k),

From the So waveibrms in [rig's. 3 and 4, one sees that tlhe pulse width

has increased significantly and at the same time the pulse magnitude

decreased noticeably fbr the propagt_tion distance of 110 mm to 165 mm,

Similar comments can be made Ib_' the SH I wavefbrms in Figs. 5 and 6 where

pulse broadening isaccolllpanic, d by a reduct, ion in amplitude, This pulse '

broadening phenomenon is well known and predicted by both of the pulse

models presented in the previous section. A close look of the waveforms in

Figs, 3--6 reveals another feature' all the pulses shown have some degrees of

asymmetry, This feature was predicted by the spate model but not the time

model, In particular, the w_vefb_'nl in Fig, 4 has more asymmetry than that

in Fig. 3; so ctoes Fig. 6thanFig. 5. In other words, the degree of asymmetry

develops as the propagation distance inc2'eases. '['his is consistent with the

prediction by the space model. The Ihct that the space model successfully

predicts the development o[' the _sylnnlc, t,l'y of' the pulses is an indication that

the space model may be a better model th_ln the time model,

Recall that both pulse models predict, that there will be a period

variation fbr the individual cvclc,s within the pulse envelope and the variation

pattern, period increase or decreas;e t'r()m the leading edge to the trailing

edge, depends on the sign of'(ol}ofkl}, iX c_l_'ef'ul examination oft;he

wavefbrms in Figs. 3 and 6, where a peak of a cycle near the center of the

pulse is aligned with one of' the bacl.:/l'ound gricts in each figure (see the

pointers), proves that indeed the_'e is a clear period variation within the

pulses. In Fig. 4, one can countex_ctly nine cycles within two vertical

divisions to the left of the point, c,r g'rid while l,wo divisions to the right of the



pointer more than nine (close to nine rind halt')cycles caI_ be realized, 'Phis

means that the higher frequency component, s move slower than tile lower

ones and the period variation within the pulse e.nvelope is decrease from the

leading edge to the trailing edge, wt_ich indicates co'(')< 0 or k'(')> 0 at the point

of pulse operation, This conclusion is i_ agreement with the shape of the S O

dispersion curve in Fig, 1, Similarly, irl Fig, 6, one finds a litr, le more than

nine and half cycles within two divisioll., to the left of the pointer and about

exactly nine cycles within the same number of divisions to the right of the

point, er, This implies that higher frequency components travel faster and the
,i

pulse is operated at the point, where (o_> 0 or k'l'l< 0 This is also readily

confirmed by the concavity of the Stq I clispersion curve in Fig, 1.

One shoulct not try to ma/¢e any cluazltitative comparison between the So

waveforms and the SH_ wavef'or_s, 'Phe n_njor problem of doing so is due to

the fact the transducers used to obtt_in these two sets of'waveforms were not

identical and the instrument set, tin_'s were not the same, This translates

into different pulse width parameters B, Quantitative comparisons of these

waveforms and period variations will be made in section IV along with some

simulation results,

Now let us stucty the wavefbrms produced by using the conventional

PZT transducers. Figures7 and8show the pulses oi' the S Omode and Figs. 9

and 10 show the pulses of the A I m(_cte, 'Phe center frequencies of the pulses

are 082 MHz for the sO mode and 1.0 MHz fbr rheA 1mode. The propagation

distances for Figs, 7 and 9 are about, 150 mm. The exact propagation

distances are unclear due to certain nleasurement difficulty, but the distance

shifts from Figs. 7 to 8 and From IVit4s, 9 Lo 10 are both 100 mm, All these

waveforms were obtained using the salne pair of' transducers except the

angles of pulse inciclence t_l'e ditlbl'uIlt,.

Unlike the pulses by EMA'I's, tl_e pulses p_'oduced by PZT transducers

are generally broadbancted; i,e,, the pulse width (parameter B) is small,
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typically corresponding to l~i_ cycles in time, At the time pulses enter the Al

plate at an angle, the pulses al'e likely to be asymmetric. The extend of initial

asymmetry of' the pulses depei_ds oi_ inany factors such as the transducer

design, the electi'ical pulses applied on the piozoelectiqc disk in the

transducer, the aperture oi"the transducer, the angle at which the pulses are

launched, and the dift"raction of ttie pulses in the water before they enter the
,,

plate. In this study, we neglect theasyn_metry and assume the initial pulses

are good approximations of (]aussians.

From the So wavefbrms in Figs. 7 and 8, one sees clearly the

distinguished asymmetry and broadening of" the pulse envelopes, The rate of

the development of the asymmetry arid the broadening is apparently fhster

than that for the EMAT experiments, even though the operation point of

these waveforms is close to the one in tl_e EMATexperiments, This

phenomenon is again consistent with the predictions by the space model (not

with the time model)in that the fat:e, of' pulse broadening and skewing is

closely associated with the initial pulse width: the smaller the initial pulse

width, the faster thepulse spl'eadsand skews (becauseof'larger_:s). The fast

pulse spreading and skewing pllenomonon can also be observed in the A1

wavefbrms in Figs. 9 and 10. 'Phe envelope of t,hese experimental waveforms

show, once again, that the space model peribrms better than the lime model,

at least for the wave[bl'ms obtairiect in tl_is study,

To see how the periods val'v within the pulses of the PZT waveforms, we

have obtained two additional wavef'or'n_s, Figs, 11 and 12. These two

waveforms, one tbr the So mode _lnd the othel' ibr the Ai mode, were

similarly obtained as those of Figs. 7 and 9 except that small shifts in space

(transducer separation distances)were pu_'posely made to align a peak of'a

cycle in each wavefbrm to tl_e bilckground grids to help observe the period

variation within thepulsos. [i'_.o_nFigs. 11 and 12, one sees clearly that the

period decreases wit,h tilne Ibr' rho So mode and increases fbi" the Ai mode,
,, ,q

indicating that (oil < 0 oi"k/'_> () ti_l' the So mode and (')li> 0 or k'<'l< 0 for the A 1



mode, As a matte_" of (':_ct.,t.t_is l'c,_:ttul'c,ccll_ st)nletimos be used t,o identify t:he

, t'mode This is especitally tac,.lpt\ll _,,,llet_the ctisp_._vsion cc:_vves o two modes tire

close, _uch situcltions t_tl'o' n<)t cllac'.omralc>nwhen ma_l¢ing mectsurement:s with

Lamb modes, i))ispevsiol) cub'yes of' these i_l(_¢tes I'rectuently approach and

repel each ottaet', \'Vlaon this occcl_'s, t_l_otwo ctispo_'sion cu_'vos in that vicinity

have opposite sig'ns I"ol'cot>(s,,c, l?ig', 1),
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As discussed before irl tile p2'eviou.s section, the space model performs

more realistically than the tilne model. In this. section, a morequantit, ative

cmnparison willbe made l)et,weelitl_eexperit_entalresultsand the

simulated results basect on the space model,

Using the parameters listed iii Table IV, simulated waveforms have

been generated fbr botht, heS oand theSHlmocte,a, Figures 13 and14 are the

simulated waveibrms ibr the So Inocle witln the pulse width parameter B being

16,0 mm and Figs, 15 and 16 are the simtllatoct wavetbrms for the SH 1 mode

with B being 10,0 mm, 'l'he two puls(2 wictth values were selected by trial-and-

error to have the best visual ISis betweer_ l,_igs, 4 and 13 for the So mode and

between Figs, 6 and 15 for the SH l nlocle,

Comparisons between ttle c,xperimc, ntal wavefbrms (Figs, 3~6) and the

simulated wavefbrms (Fig's, 13-16)illust,'ate some common characteristic

features, Overall, the shapes of' the simulatect wavefbrms are in very good

agreement with the experimental ones, 'Pl_e st)ace model reproduces very

well both the pulse spreading and the pulse skewing phenomena, even

though the pulses in the experi11_ents c_nnot be true(]aussians, One may

notice the disagreement in m_lgnittldes between the experimental and the

simulated wa'e(brms, This disagl'eetncnt is due to the attenuation and

absorption factors notinclt_cled in tile: pulse propagation model, One may

also notice the time delay clit't'erenccs bet,,_,een tt_e experimental and the

simulated waveforms, The reason for this is that, for the simulated

waveforms, the time starts at the center era wave packet before it propagates,

For the experimental waveibl'ms, the ti[ne starts when the oscilloscope is

trigged, which is at the beginning of a pulse; the time differences here

roughly correspond to the half widtt_ of pulses in time, 7-

Quantitative comparisons (_['tl_e l_eriod variations within the pulses
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have also been lllncte I'Jc,t,wet, ll ttlv OXl)ol'iillc,lll lil nild the simulat, ed

w_lveforIns, 'Pile pel'iod vaii'i_tioll c'_llll)ztl'isoll f'l)r t,heS omode is shown in

Fig, 1.7, _Phe experimental tv_tvcel'ol'lll were obtained ti_r _:ltravel dist_lnce of

165 mm, 'Phe time me_lSLll'e_nent el'l'orisnboul_+l, ns and the noise induced

error is about _+,5ns in the co_lt,ral l'e_'ion of' l,tle pulse, In pi'educing the

experimental p_.lrt o[' IPig, 17, the times oi' fill t,he zel'o-crossings wittiin the

experimental wnveI'orms wel'e tSl'st, l'ecol'cted, The periods corresponding to

consecutive two zero-crossings wol'e tllc,,n colnputed t>om the recorded times,

There were about 40 cycles wit.hill t,l-loexpel'imental waveform, of which

about 80 cycles gave st,able t,imo v_.lluos, 'l'lle theoretical part of Fig, 17 was

produced based on the pulse pl'op_lgalt,i(_ll inodol (the space model)with a

computation rounding erl'of o1'_+.1ns, l_igure 18 is the period variation

comparison f'or the SH! lllode, 'l'lao t)l'ocedure tk)r obtaining the data in Fig, 18

is the same as t_l' t;lle So mode except thai the wavel'erm was f'or a

propagation dist,:lace of' 200 li1111, 'l'll_ exporimelll:al waveform fbr the SH1

mode was generally less iloi_o c,_llt_ll_lillz,tod,

The comp_lrisons in li_igs, 17 _i_cl 18 s',how a l'easonable agreement

overall, The pei'iod chnnge I)at,tel'i_ pl'oclicted by the space model have been

clearly cor_f_,rmed--highel' t'l'equency colnponer_ts move slower wher_ o)"< 0

and faster when (,)" > 0, The clisngi'eeli_erit in details between the experiment

and the theory in Iqgs, 17 arid 18 c_ln be accounted for by the following

reasons, F'irstot'all, the experimental pulsosare not_aussian,; there are

many Gaussian eompoi_ents it'(iile Ii'los to expnrid the pulses irt te_'ms era

seifiesofOaussians, Wl_ei_ we apl)l'oxiu_tte the non.Oaussians with only

one Gaussian cornponent, l,l_e in_)dol should be valid f'or the first order

approximation; i,e., st_owing" up the l,l'end, Indeed, the period variations

from both the experirnerital :lild the simulat,ed wavefbrms have the same

trend, Seconclly, therenl'eexl)ol'inaetatnl orl'orsinvolved, EMATs are

inductive in rant tire [ 10;I, t.he ol'l'(jl's of l_oises associai,ed with I_]MA'P signals

are generally lnrgel' tla_ti_ t,l_ose i_f'c:_rlvor_tiorl_ll I_Z'P transducers, The error



fbr the 8o mode For a specilic zc,ro-cl'u,_',:i)l__;'is about ±_ ns ut tile central region

and about :.)zlOns at tl_e llalI'wicltll wI_en t_ ft, peat, ability test is conducted, 'Pile

error for'the SH 1 tootle is a lit.tle le,,_s,about +,._ns at, the central region and ±,5

ns at the half width. This is attribut.able to i.he structure of I_MA"Ps and will

not be elaboratedheve, The third error source is the inaccuracy oi' the pulse

width parameter B, Recall tllattllispal'_Lrneterwaschosen through trial-

and-error to have the best visualtSL, lt is unlikely that the tbund values tire

exact, The inaccuracy of paramete)' I:; alters the slope of the theoretical data,

It should not, however, inti'oduco local irregularities,

Of the throe error soul,ees mentioned above, the first, one is believed to be

the dominant, tbllowed by the socolad oTae, ()['course, the disagreement

between the experiment and the thc,(._)'v,nt_y also be due to the pulse

propagation model itself', ailacc: the ctc,vc,lopment of' the space model involves

several approximations, However, it is our belief that these approximations

do not sfgnificantly contl'ibute to the ¢lisn/reenlent shown in Figs, 17 and 18,

Recall that we have developed a l'c_lation for dVp,Jdt in Eqs. (20) and

concluded that the ch_lnge of phase, velocit.v within a pulse is monotonic

(increase or decrease), 'I'o see how the sp_ce model performs in this aspect,

time changes [i)r ali the zero-crossir_'s within a pulse were recorded when a

small distance change were made, 'l'he change in distance fbr the So mode

was positive 2.6 mm (0,103")at: 1(_5 mm and the change for the SH1 mode was

2,8 mm (0,1.09") at 200 mm, 'Phe local phase velocities (_ Ax/At) within a pulse

were then calculated [i'orn the time chang'es and the distance changes The

experimental data are plot.ted in l,_ig, 19 [bl' t.lne So mode and Fig, 20 tbr the

SH 1mode, alongwit, h the rc,sultsi'l'om the simulations, Altlnough the

comparisons are not excellent, t,l_e t_'ends in phase velocity change within the

pulse are the same tbr both the ¢.,xpc,rirnc,lltal _lnct the simulated data. The

disagreen,:ent is due to the e)'ro)' s()tlrces discussed lp, the previous

paragraph.

lib
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Two nlodels for pulse pr<_pt_g_tioI_ of dispersive waves have been studied

in this paper. Analyticttl soluti()tls Ii}l'._{}I_e featuresassociated with pulse

propagation have been devel_)p_,d nl_d discussed. The two modelspredict

differently on the envelope sl];/pe o[' l:}t.lls{__p|'{:}p_tgation but similarly on the

period variation within t.t_e pulse er]velope, t;;xperiments using various

ultrasonic dispersive waves h:_ve been conducted to evaluate these two

models. It has beenlbund t,l_attllespa,,'emode, l originally proposed by

Thon_pson arid l#;lsley gives n_ore _'ealistic outcomes than the time model.

Quantitative comparison has tllso been done between the experimental

waveforms and the ,_in_ulaled wn\'et'o_'m.q rising the Sl)ace model. Good

agreement has been observed betwe<,_ tl_e experimental and the simulated

results. Certain minor ctisagreet_let_t is belieVed to be associated with the

experimental errors as xvt.,ll :ts the non-Gaussiar_ shaped pulses used in the

experiments. In short,, we ]_ttx'(.!f',')tlnc.]tl_ttt tile space model works

satisfactorily.

There are n_inyp()ssil)le _tpplic:lti¢)ns of the pulse models. An obvious

one is the clet,errnination {)f't.lle c(_nc',tvitv oi' the cti.spersiort curve f'rom shifts

in. local periods. Using the sl)acc' _0del, one can also estimate or calculate

ttle r':_te of pulse spreading and skewing when making or evaluating

experimental and system design. 'l'l_e space _nodel has been used to provide

an error estimation model [b_' l)lazte_c'vel,_c:ity measurement based ()ta tracking

a zero-crossing asthe transducer s¢.,l)a_':_t.iondistance Changes [17]. In

addition, pulse models ¢.:ar_p_'ovi¢.le :.tco_vc.,nient teel to simulate pulse

propagation withoui going thr¢_t_l_ c:o_!l)lic_tted l_'ourier transform analysis.
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Table I. Relationsbetweont,},}and{}tlloPPelovanL

quantities lbl' the spacu znodel

", }

{o" Arg( t,x i)Arg/iJt <)Arg/i)t I){)-At dAL/dt

>() t I <(} >C} _ <(} >(}

, <() I'U i I/ t >() <{} _---_->>{) <()

Table I1. F{elation betwoen Vp,,_indVpwithin

wave t)ackot lhr Lhc space model

o i',>0 {o;'1<0

Vg >Vp Vg< Vp Vg > Vn Vg<Vp

t < tc, Vpm > Vp Vi)ni < \/,) Vpm < VI} Vpm > VI)

l;=t C Vpm>V p Vprrl > Vp Vpm<V p Vpm< Vp

t = tD VP rn > V'I} Vi}lh > \!1) Vpm < Vp Vpm < Vp

£> tit} .Vpn I < Vp Vpi n > VI} gpm > VI) Vpm < Vp
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-''-' " ts i)l(iIl_a)()l'tlle Iextul'edAl plat,eTable Iii, Elastic con,st,_l)l

ij 11 2 1_ 23 1'3 12 44 55 ("'-x_

Cij 111,58 111,77 111,25 60,28 (;(1,,17 59,95 26,37 .6,56 26,()2

Table IV, l,_xpe):imental ptlrtill_,IC, l's _It,(I_, points of operation

)i

Mode I)o k¢: K o_,-) \V _,.)() W' (,.)() W"

m m m m l ,_ts l m m/_t s m rn _/_ls

S O 5,1 1,232 0,867 5,77;_ 1,294 2,828 0,899 -4,097 -1,847

SH 1 5,4 1,164 0,819 5,7S9 1,297 1,985 0,631 1,029 0,4(_4
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Fig, 1, Dispersion curves of SO and SH t modes
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Fig, 2, Dispersion curvesof'a f'ew lowest order Lamb modes
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Pig, 3, E×perimental waveibrm of So mode
(EMAT separation distance is 1.10 mm)

Fig, 4, Exporimental wavef'orm o['Somode
(EMAT ._.(:_l)aration distance is 165 mm)
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Fig, 5, Expel'imental wavefbrm of SH Imode
(Ii]MAT separat:ion distance is 120 mm)

Pig, 6, I_]xperinlental waveform of'SH 1mode
(I_MA'I' separation discance is 220 mm)
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Fig, 7, S O mode wavefbrm using PZT transducers (x=150 mm/

Pig, 8, S o mode wavef'ot'm using PZT transducers (x=250 mm)
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Fig, 9, A1 mode wavefbl.m using PZT transducers (×_1.50 mm)

Fig, 10, A l mode wavef_)l'm using' I_Z'I' (.vansducers (x_250 mm)
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Fig, 11, S Omode wavei'orm using PZT transducers
where some peaks aligned with background grids

Fig, 12, A l mode wave[brnl using PZT transducers
where some peaks aligned with background grids
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AI_,S'I'I_,\( ,'p

Ultrasonic So wnves (('u)idt_)_l(,t_t:_I sv))inletvic l_ntnb in()des)nro

comnlonly used in not_(:lestt'uctivc, cIl:t)'tlc'tel'iznti()n (.)f'texture (1)re('erred

grain orientation)and Ibri1_t_bilit>' i_ n_et_il slicers and plates, In a t,ypicnl

experimental set, up, the vel()cities ()('tile S() wnves nrc measured ns a I'uncti()n

of wave propagation angle witll )'c,sl)ect to t,he rolling direction o.('the plate,

However, the S o waves are I<,Ilowtl tc) lte dispersive, and that dispersion must

be considered in order to isc)lt_ie Iii(" s)_l_/ll, texture induced shifl, s in the So

wave velocity, (}urrel_(,ly, tllul'c, _tl'e tw()nl)pro,,_imat, e dispersion correction

methods, one proposed by 'l'll(_nll)s¢_)l c,t. :tl, rind the other introduced by Hirao

and Fukuoka, In this l)ttl)el ', these tw(> luethods will be evalunted using an

exact theory tbr wnve proptl£':_t, ioi)iii ortllotropic plates, 'Phrough the

evaluation, the limits of' t.he ctll'l'ellt tc,xtu)'e mensurement techniques are

established, It, is Found thttt, wlle)_ pl:tte thickr_essto wavelength rat,io isless

than 0.15, both _l'h()mps()_'s tInct t-til':_'s lnc,t l_ocls work satisfactorily, WheIl

the thickness to wnvelenta'tl_ I':tti()¢,x(_'u(.,ds ().?._,neither Thompson's nor

I-'Iirao's dispersion c0_'_'c,cti(_¢_ _n(.,tll{_(.l19rovides ttdequnte corrections tbr the

current texture met_sLlren_ei_t tc,ct_ictt_c,s, \Vit.hin the range ot'0,15-0.'J,

Thompson's met,hod is l'c,c'oi,_n_ended (br wettkly nnisotropic sheets and

plates and Hirao's method n_av be n_()re r_pl)rOl)riate for some strongly

anisotropic cases,
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1N'I'I{()1 )t TC"I' lt I)N

'I_e×Ltire is t,ht., niJn-i'and()lll ()i'it,llltllil)li Iii' crystallites iii a

polycrystalline _.ig't4'regtll.e,ol'lt, I1 illcltlcc,t[ [)y Illtlllt.il'il_,;'l.,Cll'il'l_ processes such lis

rolling aild drawing, t<nowledgo of texltii'e iill'ormal, ion is particularly

important irl inakiilg' ['oi'nl_lbiiit.y 1)i'c,dic't.i(Jl_S, lC'ormaterials inade of cubic

crysi;allit, es, suctl as A1 (['c.'c),Cu {fcc'), and lee (Dc'c), t,exl,ure is characl;erized

by a set, o17dimerlsionless pl.ll'l.llllC!{Ol'_; \V/ilin, called orieritatiol-I distributioli

coef'iicient, s (()])C,s), 'l'll_., clet_lile.l c[_..'f]liiii()li Of lhese coel'l]cients can be [build

in Ref_, 1 l.llld 7, The il_(>st ill_l)_)l'tl/i_t ()l)(!s in ['ormabilit;y analysis are W,lo0'

W420, arid \V<l,iO['or cubic l.)()],\'t'i't'sl_lls, I)llvsiclllly, \,V,12(jllilc-tW<l,loreial;e (x)t,he

t,endency of'a n_etal she;el, to [i)l'lll {VV()til'td li)til' C!l.ll",.'-irespectively upon deep

drawing, W4o(jrelat, es to ovc'l'al] C;ll):ic'itv to withstand deep drawirig [8],

Traditionally, thesl? Oi)Cs iii't! obt_iin<'d tili'l)tlgh X.l'l.ly or neutroI1 dif'f'rac.tion

techniques, Typical villues (.ii'l.llc,so ()I)('.,_ _tl'e (iii the orcier o[' 1():j,

In toter'lt 5,'oiii's, tiitl'lls(lllic wlivt,s I_lvc, I)eeri ugilized t,o provide a

riondestructive oslilritliioi_ ()l' tile, tc,xr til't, ()1'cti[)ic l)olycryst, als [4-6l, The

l;oxturo gelloraily iridt.ices ii wc,_ll_,c,]_lstit! _iilisol.i'()py which can be sollsoct by

nleasuremenl;s o[' i,]le velcJc,itv o1'wlivos i)i,(_l)agat.ing in difl'orent direcl, ions,

When tile sample is in l,lle ['oi'Iii ()I' tl slloot ()1'l)]al_e, tile waves t,ake l;]le form o1'

guided modes with l,wo types I_c,inl4' c'on_inoniy clsectiri texture

characterization, the Zer()th ()l'(tt!i' II_)i'iz_)nl:/lly l)olarized shear waves (SHe)

and the f'undamental syillilleli'ic [,til/li) \V/I",'OS (SO), This paper deals with tile

lai_ter ones only, S_)waveslil'o I<l_(J_ll It) I)(,(lisl)ersive, having frequency

dependent propagat, ion \,elt_c'itio._. I>,eciltise lile texi,ure induced velocity shifts

are small, the dispersion of'fi,cis flirts{, lie considered if'accurate estimation of'

text;urn is toDe _lct_iever..t,

There al'e two _lst)ecis t() tile, infllience oi'dispersion of't, he Sowaves on

the velocity nleli_ui'ol,_<,_il.s, leil,._t.,I)_)tl_ I1_, l)l_aso velocity ailct l,he _rot.lp



[,),)

velocity taro l'recluc_rlcy del._C,lltluvl(, 'l'w(, clisp,:.,l'_ion eorrecLion Ir_et,hods have,

been propose,el by 'l'llc_inpsclvl c,t til, 171:_v_l l-li_,_ic_azlcl l_'ul_uoka I_! t,oremove

IJie fi'equeney depetldc, llcy, Irl tl_is l.lt_l)C,l',tll(,se l_wodispersion correction

[,methods will be c,,,'_llt.ltLt_,cl_tssu,11i11,pex'lbcl ,llc.'t_sureli_ents o phase veloelt, y,_'I 0. ,I

Anot,her a.specl, c_('clispel'si(_vl i.,-;tl_c, l_t_l_c,distort, ion l)ller_c_Iner_()n;i,e,, _ pulse

of a dispersive wave challk'es its st_lX' t_v_dSl._reads out as il, propagat, es, ParL

I1 of this paper discusses tl_e il_Iltlellcc, oi' the pulse distortion on t,he _ccur_c:y

of phase velocity me;_sure_lc,_ts,

Several years _gc_, 'l't_(,,V_ll):c_net til. [91 zt_(t I,ee or: al, [101 developed a

t,heory which relat.es tl_e ;_fi_l'(.,v_(.,l_ti(._]c,d()l)Cs of' t,ext,urecl sheets t,o t,he SO

wave speeds in t.l_ree di['['c,l'c,I_tclil'c,ctiol_:-;<(1o,.i/.3o,and 9(I°) with respect, t,o the

rolling direc, tion, 'l'llis ll_e(_l'v _sstlv]_c,si I:,_,_'t_lio o[',,_heet tl._ickness t,o

wavelength to besvn_ll, l_tl]islii_it, tl]c, vc,lc_c'ityoI' the So wave in aspecific

t:,'opagation clirect.ion _tsvl_ll)tc_tic_tllv _l)l)_'o_tcl_es a constant value, Vl_,n, and

dispersion can be ign(_v't,ct, I.Tl)c_ c!c_l)_l._t'isov_of' experimental predict, ions of

the ODCs base, el c_lafinis ll)c,(_v'vwitla tl_c.,_'t,stllts ['roln independent X-ray or

neutron dif'l'raetic_I_ tc,cl_vaiclt_e.,;,s:iti..-;li_('l(_'y :tt.,;l'eelvlc,nC wt_s li_uncl Ibr W,t::o

and W44o, but n()t, [b_' \,\:_(,(,, I_ tl_osc,v_ic,_t._ttrc,I_c,_at.s,Cl_erai,io of' t,hic.kness to

wavelength was-tb(_tlt. ().i. l'_.vc'c,vltlv, 'l'l_c_vlll._Sonc:t,al, 171rnodi[_ed t,he thec_ry

Ol)(.s, In t,t_eand inclucted clispersioi_ c(_l'l'c,c:tic_ i__II_o cttlctllatic_n of' the "

modified theory, .the clispel'si(_I_ c'(_l'l'c,ctit,il is lnt_de on Lhc,basis c_f'dispersic_r_

turves o[' the So waves in t t_c,cc_'l'C,Sl)ondil_g isotropic materials, lt is

assumed that, tt_e ratio \zl/'X:I,,,, is _ot _tltc,l,ecl signif)cantly by t,he presence o['

texture (weak ar_isotropv), wl_c:l'v \: is tl)c, ultra._onic phase velocity

measured al, a specific f'rc.,ClUC,l_C.v:tyrol \:Ii,,, is the long wavelent_'th limit of t,he

So wave phase velocity, t-til'lte _tncl l/'t_l<c_ol,:a[81 have proposect anot.her

method which takes ctispc,_':aic_neffects i_to _tccotlnt, by making a Taylor series

expansion o1' tlle dispel':i(_I_ ¢'tll'Vt,S ()[' (11(.' ,q(_ v_locte l)ropagat.ing in weakly

orthotropic mc,c:litt. I_ l.tl(, C,Xl_tiisi(),_, (_,115.'t,l_c._[irsl, ol'c:ler dispersion el'l'ects

are rotainect,



'pho bnsis oI'our e,,'_tlulltitjll _(' tl'_(.,tll:_l_vuxiil_ntt, di_pur_ion oorrt, t2i,it)n

methods is t,ho e×_lct, tll_,(_i'(.,li_':lluCItl_lioll_ I'e,et,lltly developod for ,,vl.v,,,e

propngat,ion in plnlus wit h orl.ll_tl't_l_iu syl_llnutry I11.. 14], 'pile equnt, ions

which express I Ilc, d_.,pelltlul_cu _1'x,,':_\'(.,1;l't_p_l!_tltiorl vulocit, y up(_I_t,exl;ure

pnrameters nve very eol_l_lu,x :lll_l ii silllplc, tc,chl_iclue i_ns not been dovelopod

to compute the ()l)(.',s Ii'ulll _ivul_ wllvc, vul(_uities on the bnsis of these exnct

equations, 'I'heso U¢.lt_t_t,i(.)_s,}_()wc,ve_', can so,tvo ns nn exncl, roi'eronce

solution, lln t,his ptlpel', we will tlsc, tllu t.,xticlt solutii_n lhr the So Wt:TVO

prop_lgaLion in (_l'l,l_otl'opic pl_ll.es i(_ siFIlUl_lte c,xpeviment, tl[ dnta rind then uso

those dat_:_ to t,est ltl__,ll(.'(.'tl I'/.I('V (ii' till' t W(i:tppl'oxi _nt_t.Odispersion correction

methods,

One seilltli_t.ic dil'liculty sll(_lll(i ht, ru._lved before proceeding, In the

metallurgdcal comll_ttuii.y, t l_o tctins "sl_(:,c,t" :_nd "plate" have connolmtions

of different thicknesses, wil I_ l l_(.,['Ol'lllt)l' :ippropri_lte to thicknesses on the

order of a millin_etel' lo wl_icll ll_, tllll':lsonic tlpl)rOlich hns been most

extensively _lppliu(t, ll_ lieu tllll'_t,-;(lili(.' liI(,l',,lttll'o, t,he term "plal;e" is

generally used I,()(lesc)'i',. _l, :t s(_litl Iil_,(litl_l t_:lvii_g pnl'nllol surfncos,

independent ofthicl<llc,ss, 1[I II_(, i'(,lil:lil_tlt,l'(_I'll_is p_lper, the laLl,er

convent, ion will b(, ellll_l(_v_.,(], ]lt,wuv(,i', iii c,oilsidering metallurgical

applications, l,hu "sheots" sl_(_kll(II_t, ui_(l_,l'si(,u(l to be included,



'1:2,1

(iil_;Nl_;l_Al PI'llq()I_,YI"(31;_\VA\;I!_I_RO1, A(..,AI I()N

IN ()1(I'11()'1'1_()I_1(!l,'l_.l",l(',I_I_A'I'%'S

The aull_l_rs c_f'tl_t, I._l't,seI_t, l._Lll:_:,r111,121 al_d Nayl'c_hand C1hirnenl_i

/13,14] have l'ecelltly di:,velopc,d iiild l'c,pt_l'tc,tl file llnalyt, ical dispersion

equations ibr wllv[, l:_rl_l:)tl_'litil_l_in ol't.]ll_ll'i_l)ie¢)rmonoclinic ['rot3t)lates, l"or

det,ailod clorivcLI.i_Jl_illld cliset_ssil_n,,..;,lilt, I'_.,iltlol'saro c_r'lc_cJu.vrigodl,o rt,.l'_r i;o

those rol'e,reneos, Here only lilt, _:,_lt_ilti__ n¢2c,essary Lo make. this paper selt:

contained will be pvesenlect,

C(_nsicler t.he cl_rctir_l_tc:,systc, lll sl_v,'lz irl l;'i_, 1, l.,e.t,us first, malie t:hu

K i- l( cl:_s"cJ., 1'(2-: I'( ,sill CS., K-- . _k._ ,

" 2 2

_, _ , I_,._(.Tr, , Ii= 1,2,31

where 13is t,ht, plate tl_icl¢nes._¢,i_is II_e(lensity, (",iiare Lhc elast:ie eonst,a_Ls of'

"',,"'ti¢_ i_I.,,'le with respect Lothe rollingplate vnat,erial, t_ is tl_c.,wt_vc,I)1'¢_1,,,,-,,,

direc.tion, k is the w_ve vec.t¢_' i_l I,l_c,l)_'op',_l-,/_t,ii)n" direeLic._n,w is the angular

f'requeney of' the pl'op ,',ab,,_tiI_' wllve, t_l_¢t1'i tire t.he eigenv_duc, s o1'the.

associat, ed (?,hrist, ol'l'el _..,(.itllltiillls 1])1' pltllll: V/tlVO l._ropagation,

Pot a general elz_stic, hi_l_¢_l._'c.,nc,¢_us¢_'tl_ot,ropic free plate whose,",

rolling, t,ransverse, t_tl r_orl_t_l ¢lil'¢,¢:tio_scoii_cicle wit,h t,l_eXI, X_, and X:._

axes, as shown in 1oi/4',1, tl_e ¢.lisl3c.,rsionei.lUation lhr the So wave t3ropagating

aLO°is

-- 2 = C) (1)

where QI = Q(Ra,R:t), Q2 = (2(R _,R2)'

and Q(X, Y ) = ,,1"_(C I._X - ('11 I'4 + (._e,-'\\' ) [C _,_(.,55h'

+((? , , ,2 r, (, _x¢iiC _-('1_C5._-C i_llZ-.-,._ ¢¢,,,1

and It:a, t_,::_are roofs of tl_¢.,fi_ll¢_wi_' eqt_t_tion for 1(:1:
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-. (C't_ t- t'5,_) K_K = (),

The dispersior_ equttti_ll I'_>l'tlao ,'-4t_wl_,,'o lar(_pngnt,in_ tit ,it'S° is

(generalized l{uyleigl_-l.,rlrllb ,,vilvt, _,_lU_lt,ion in ort,hot,'ropic nludin):

() (2)

where PI=F'(RI,R2,R:_), I',:--.I:'CR2,R_,I41),.. I.'_:- PCI_,_,R,I,I{2),

P(×,Yz): q,.qlc:' ' ', i_I<iN,I'_) + C":_K:Nv(,."()+ (.._._N,(X)I'

{I YNxCY)+ N,( h')l'l Zx', rX)_ N',(Z) I -lh'N, (Y) + N/CY)I'IZN_(Z)+ Nz(Z)[ },

Nx(X) = (C.,>+ C C ' .. ((' +.('-_,)(C_,uK + C,2K 2+ _' - '.14)( 12_' C+,_,)K,-- lt , I ,. (44X (._,_,W),

Ny(X) = (CI3 + Cs.s)(C " ' ' ' ' ' "I ' + ( _,u)KI - ( (. 2_+ (?.l.i) (C, iil(t + (_,t,Ka + (..5sX C._,,_,W),

Hz(X) = (C'.¢,¢,KI + C22K2 + (LI.IX - (.'_,¢,W;C(?llt<I -t-(7¢,t,K2 + Cs.sX ,- C.?t,e,W).

-((.?12 4. (?(,t,)"Ki 1<2,

ttad i{I are solutions i,o zt cubic t,qt.ltlli(ln tlrising from t;he Christoltbl

equations [1 1,121,

The clispor,,-:iori t,Cltizlti(_l_{'oi' t]lc, S{_v,'tt,,'opl'opttgnt, ing ttr 90 o has t},,,

i' t.'santo form as l.,q, (1_ c,x el._t t.]aztt tile li_llowing chnr_ges must [Jt) tritide' (,7.]11-->

C,2_,Cia--> Cml, (7.Li<t-->(,,_,,ztnd (!_,_,'""(.1.1'

In t,he absence ol'anis(_tl"opy, l<qs, (1)riild (2) simplit3, t,o the ',,veil known

Rnyleigh-I.,nmb wave oqut:tt.iorl in isl_tvopic, inectia,

F'or ari ortllot, r{ipic rrlrtt,ol'illl, t.hovo are iri general nine indoporider, t,

elastic const, ant, s (]ij, \Vl"tc;rltllo t)lt_lo is _nrtdo oI'cul)ic cryst;nlliLos, t;hese

elastic con,stanl,s _ll'o riot _tll irltlt.,1)c,rl(lc,r,t, 'l'lloy tire relat:od t,o the elastic

constants of' single crystnllit, os ltrld luxtul'o l:)tirninot;ei,..,'s 'f'llo relat,ioris,

published by l:Iirno et ni, 115], tiro ns follows:

Cii = 7,,,+21.t+ ( 12",/Tczt":/35)l\\;.Io{c( 2,7"T'7"7/3)w_im-i-C_/3 )w4,11_l,

c.7.22= X,-_2_t+ ( 12',7_'t.,rc2/35)lwitl_t.(2/"_13)w,i2{r-t-(_[zT"_13)W44111,

' '72t'1C"135) \\i Ilill ,C33= k+2bt-t-(32
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(7,),)-- _t - ( I(.)'72cr_"/3,_)(W i()(r).'i,'_._\\' i:!()),

(.;I._-- _t- ( I()'77c _';I._5)(W )()().':,_-7-'_) W _()), (;_)

{.,66 = I.L+ (,-i_ ,;,(,,_ 13,_)(W.I()()-, 7()\VI.I( ) ,

C_,,,_= _, (i(),/Tc ' 'I_\v ,-.- z_'135)(\V i()())" i.:())

CI - ' ._' ))i;_= ,k - C1(_,72c7_"/35)(WI()()....1,/- \\" i.!( ,

(?.i.'= X,-i,(4'72. _'_'I._5)(kvi()()--.'.;"I()W,I.I())

whoi'o X.m_d _t lii'e I,clil16 cc)ilsltli_i,_ fbi' il_(, (.'()):_'t,,_I._C)lldiil_isc)l.i'oI_iC(t,c;×i,ui'o

f'i'o(_)mt_t,el'itll _lncl c is li lilt,ll_l.ii'(., (ii' Lilt, c,lll,,',t,i.'.:lviisclt,i'(_py of t,ho indiviclulll

cl'ystLlllii, e_, 'l'ho isoi,i'opic I,tilliC" tl(ili_tlii'll_ Ililc1 l,llc_ liIlisol;l'Ol;)y C[)IIBI;UIII, ctiri i)t_,

obl,i_inocl f't'om sinai(:: ci'yslal olli,_lic coi_,_l,i_nt.._ctj vil.l clif_'oi'ent, I.ivoi'llTiril_

met.hods, Voii_t,, Hill _ln(:l lteti,_s iiVoi'il_iilt4' il_ol,l_ods l'li'O t_Olilnloiliy tis(;!c:t irl

L(._XLtil'o st,tidy owninl_ l,() theil' _ili_l)licil.y, 'l'h(., I,lilll6 U(illSLLIt.'tI,_ ['Of Lho_o

_.lVOl'l.ll_in _ mot,l_()d,_ni'l:, 14ivoll i1/ Itt'l', 1,5 li.w,'

') '_, i- L' ,(X+]_i)V--Cli ....-C'v/, ,tiv':_c'ii v/._

(X,-i-2l.t)t_ = 2(._ll-t-.,,i,--_/_)/l(,, 1.2_ )(_.i .t--l._/SJl_ • II 12 I ,

t.llt --"(,_,i.,I-t-.:l._/$)I, (k-t-2_l)ll -,:I(),-i.2_i)v + (k-i-2_t)t4l/2, (,:l)
,)

_tll = (I-lV -i- Ht4)/"), c V --'.c,I i-.c'l_-2,ci.i, c'i4 = .....:lt.i_S ,

(.'li = (eV -i. Cl4)/2, ._::-.._ i i.-,,_i,:.--_i 1/2 ,

whoi'e sij rife olrisl.iu coirll._lillilcos ('(ii' siill.4'lo cl'y,_b.lllit.og,

I__i'cimli]q,_,(1)-(,1), with l_14'ivon_(:,i()f'O1)(I,_,_(>luLion_t'or t'l'oc;It.lc_.ricyW

c',_lribo eonlt)l.ll;¢>.cl('o)'oacl_ wl.ivo I11.11111)(.,1'I,,,, l"iV,'ul'e '2 _hows t.il'i isc)l,rot)iu

cli<.pelsions' cJurve fbi" l,ho iS()wrivo irl Iii1 _.iit.illlillt.lIll plaice, I_efel'eriue_'11 lind 12

includ(_ some oxy.lint)los ()l' _il)lillil' tlispc, l',_iol_ Ctll'VO l._l(:)t,swit, h widest' i'ltl'll_os

of' t_;ariel w [bi' (.lil'['(::l'oi_l,()l'l h()l,i'Ol.)ici_)lll(,i'ilil._, 'l'he l:)hll,_o volocit,ios, ctelin(.,.(t

_is w/k, c_ln t,h(.,i_I:)o(.'_llctilai.(>(l lilt' clif'fbl'onl I'i'O(lUOi'_uie,,_otiHiiv,

Whoi_ l;)i'(_l)_lt.4'l:ll.iilB'iii ii)(:, ()():lii(I ,9()()(lil'(,('i,i()rl,_, _()WliVi.;,_nll:l,y t)o

doscl'ibod a,__l ,_tll;)(..'l'l.)(),_il<i()il()(' l/llilit , I()ilt4illl(linlil l._lli'l,illi wi.lvt:s (I,J llI_(:l



t,h_ horizc_xlt.nlly pol_ll'izt, tl ._ht,_l' I,_ll'li_ll w_lvt,s (_1-I_, ()n l.l'_c,(_t.hev hnnd, _lt,,15(_

lln_lo, 1111I,, SV, _il-i_l_l-l i_'littl w_v_,._ _1_'_,_l_l._lt, d t_._'t,tht, l' I._ i'l_em t,h_:_SII

_,v_l_,'(:_13et:t_use(_l'lhis tile di_pc,_'s(_)I_t,_lUl_lit)n {be th_, _ wavc_ propn_llt.in_

Alt,h/)u_h t,he dispt, v,_i/_l__'_:,[ltiil_n,_I,.',qvl'_by le_qs, (1)nnd (2)i:nn be u,_ed

l,O t',iltllptlLO Ulll'l/SOllit! '_,'l_._,'¢6.' ,_l._t,_.,_ls1'1'(3111g'iven Le×i,t.ll'(_! [.")ltl'tllll(.!(,el'_, t,h_,

inverse pvohlel_ cI_nn_3t l_t, ,_lv_,,_l l_Ilillyl,iei_lly, 'l'i_erol'()l'e, t,hc_ e,ornmunii, y 111_,_

developl:,ct l,lpl)l'l._xirllille pl'i)t'('cIIIl'i.,s li)()l'_ti_in tt'×lt_'_.; plll'/lllli)[,(.'l'S ¢'1'0111

oxt3oein_t,l_l,nl tl_l,1i, Irl l]_, t'_ll_wi_l,,.,,,_c,<,li()l_,we will use (,l_eoxt_c(,dispersion

eclat, ions t,o ev1._ltll_t.c,t l_c, i_cc:_l'i_t'y i_l't]_c, t,wo dispt,_v,_ic_ncorrect, ion mei;h_cts

whic',h are ¢:ul'l'eni, ly in _l:)l:_li_:_li_n,
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• lt'__ "q -_ IAI._.PI_C)XIMA'I'I_3'I'H I_3()'RI,,,,. I,_(.)1_l)lSl"le_ltSlON COItlZl_3C'PlON8

'l'llompson o,i,iii, 191llzlcl l,c,c,c,l tri, [101 cippliod the t,heovy oi' wnvl:_

pl'opngtit, ion t,o t,oxt,ui'e elllil'tietoriz/it.iotl of'cubic l)olycryst, tilllne nggl'egnLes iil

plc._t,es with [n/_nil:esiinni tllic'l¢i-_oss, Lfndor thnt tissunipl, ic)n, t,he pi'optignl, ing

wnvo is nol, Clisl_ersive tillcl rho l'c,ltitioi_ bc,t.weell ills speed/.lhd l,ho olnslAe

eclrlsi,t.lnt,s o[' tile l._lnt,o [ 1()! is (tl['l.o.i' ¢[i'oi)i)ii_t4'hiffhor order t;o×l;tlro rind the

sl;l'os_ i'elni, od iol'ills)',

pVs,(rs,)= (:'l. ' i tj.ill ' c<,_2(s_/ I'l('.,,CI--c<,s,:lcs.) (5)

whereCt.,- CII+C" C'i_)("_ :- (7-- "" " - ' ("T f,_,

i:_' ("_'_ / '
(Z= (CII-C_,) .... ],] i.q

-.. .- C<+lCrS ,., . l .
I 'I'D til'SD ()IiC[ 0 li iri t:llli,i'4(ill'iJlJy, ii'it, voloc'ity is thon given by 1,91',

1t2

( / cl. []("i'(?l,j I ,. t.'ci.,,2lJ'..... (I-c'tiS,:lCZ) ((ai)
vs,,(<z}-7 7 .:l

'Po express t,he vel{)ci ty ii1 t c._v'vll.,_(}1'{}I){',s (usi rig b]qs, (3} und (4)}, ni'tor cevt, airi

nppi'oximrttions inv{_l\'ii_14'll_{}vil_l_4tl_o \V,loot./.1111,_in (3:):1,' s in ctonomirlntovs t;o

numernl,ors by nle_li_s ()1'Iii'st i)l'dc, l' 'Priylov _lpproximnt, ion, Igq, (5) ctin be

vcduc:od i,o:

vT( ")'-4 I.)-2_ W i._¢)cc)s2(z..I..2'l_\V.i.ii)cos4 cs.I (7)

where 1, ----l+2)l_, 1) - 1_lncl c is LII1_ii_i,qol.r()l)y('.OllS.'[;t;ii-ll,I:ilSl;) del'iriod iii li]qs, (4),

Similae llt)pr()xillltl(,iiiil t.() l':c.I,((;)Ic:_i(Is tc)',
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V(ct) = (I-P"/I,")I./t_ + ,._.s _ i._i./(l.,"--..I:'_) ",/2"3-_-,_1-7+14_}W,,,_

-4', / 1-t-"_.i7... \V.l,llctls_('s.-i-_'i .'_._W i.lllct:ls4(zI. - - , (_)

Fl'onl Eq, (7)(:ii' (8), linear (:tlnll_il_ltions of' velocities mot-ist.li'ot;l ['oi' t1=0°,450,

ailc; 90° can tllori bn taken t.o oDtail_ the values _:it'\,V,lo0,W,i:eoarid W,i<iu,

Since rio plate is iil[_i_il,c,sii_ally tllick, wave propagation iri a plate is

always dispersive, Although tl_is off'ect is sm'_,ll tbr thiri plate.s, so is i,tle

effect of' tEXtUrE, Thus the experiluent.al clilla lilt.is[ be correctedfor

dispersion ii'quantitative valties oi'the texture pLll'l-llllot, el's L1PE tO be obtaiiled,

The 8o waves used in t,extul'e studies lil'O generally weakly dispersivE,

with a typical nlei:lsurelllont, t're(it.lOllCy ()[' 500 l{Hz and plLlte thickr_ess era

few millimeters, In order to i'odcic'e i.ho error irlt, roduced by the dispersion,

Thompson et al, [7] suggest;eel l.i silnple dispersion correction appl'oach.

Starting ft'ore the irieasurod l)hase voloc,ity \;'p, the data wel'e col'reef, cd t,o

Estimate the long wavelerigtt! Iilrtit, o[' t.hat velocity> Vii m by ' s", a<.sunling the

ratio Vi/Vii m to be l;ho s_.lrneiil the weakly ariisotropic t)late as it would be in

an isotropic plato of tl_o san_e thick_ess. 'l'ho COl'reeLedvelocities (long

wavElength lirnitsJ were tl_en tisc,d in lqq, (7)or (8), Iri ()tlp ExpErimental

work, the clispersion ('(Jl'l't)Cl;il)ll i-iOi'lUi.illy Lilllotlnl, s t,o loss tilt.III 10% Of the

lltOt.lStll'ed velocities, and thc_ tliSl_ei'siorl col'l'c,c'tion inc;l;l_od describect above

was intuitively believed to l)e i'otis(Jl/_.iblo, 'l'llis c'orl;otJt;ion iillproved tile

accurary of'est,inlates o[' tile ()lJCs, l)al'ticularly on W,too, as expe(;l;ed.

HOWEVEr, no rigorou, e\,alu_ttioil cii' the I'tillt4'o o[' dCCl.ll'Llcyof this approach

was made,

Hirao arid I;'ukuoka 181llave l)rop(ised another dist)ersiori correction

method, They have developed a diSl)ersi(li_ OClUal,i()i_l f'or WaVE f)ropag'ation ill

orthotropic plates I.illdor Lt l.)t.,i't.tli'litti, i()n ["l'llllle which neglects the

involvement (:ii'SH part.i_/I w_ivc,s {i_l, w_lvo l)l'_)p_lgati(_n in r_onsylnmet, ry
4'directioris. The dispersi(>il eqcitttion ilti" ii ['oi'ill which reselllbios I-,(.t,(l) Lind



reduces to it when the wave propagation direction is in el symmetry direction.

To develop an explicit relation between ODCs and wave speeds in different

propagation directions they then made aTaylor series cxpanslon at zero

frequency and included one higher order term to approximate dispersion

effects at low frequencies. After dropping higher order terms in Wtta., the

equation for the square of the velocity is 1
' .,)

Vso2(_z)= V6 (I-I.X) + (2c/p)l(s o + d()A)W4oo

+ (s2 + dzA)W.t,o cos(2(z) + s4W44ocos(4tx)l (9)

After a further approximation, the final equation is

Vs ((z)= V()_]'(I-A) + (c/i._Vi)J[(s()+cl()A)W,_(:_)

+ ts 2 + d.nA)W,_2o cos(2cz) + saW4,)ocos(,l(z,)] (1())

where s()=(2"iW.n2/35)[3+ 16k(k4-l.t)/(k+2p.)2], s2=-(8,_5n2/35)(3X.+21a)/(_.+2).t),
'3 ,-)

S4=4_2/',1_, and do=( 16q 2rt'pVo")(3X.+2bt)/[ 35X(X+2)_)], d2=-I 6q_'5_:2pV2j35X., with

V()= ",/4bt(X.+bt)/p'(_.+2bt)being the isotropic velocity at kb=0 and

A=[_./(X.+2bt)]2(kb/2)2/3 describing the dispersion, leer either of' these

expressions, solution for t,he Wt mn in terms of the velocities at 00, 45 °, and 9()°

is straighCforwarct.

Since Eq. (9) was derived via a Taylor expansion in wave vector, it is

expected to be valid (or provide.good approximation) fbr small kb. This is

confirmedby comparing Eqs. (7) and (9), which reveals that they are identical

for plates of zero thickness. The approximation made in the derivation of' Eq.

(10) involved a second Taylor series, in the small variables W/mn, to

eliminate the squares in velocities, an approximation similar to that made in

going from Eq. (5) to Eq. (6) or from Eq. (7) to F]q. (8) thus, Lq. (10) reduces to

Eq. (8), but not Eq. (9), fbr zero thickness. However, Eqs. (7)-(10) are identical

in the absence of anisotropy (textL_re free) in the longwavelength limit. The

effects of this further approximation will be discussed in the next section.

1Thi.s equation was not published in Ref. 8, but is an intermediate

step.
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For the convenience of discussion later on, we shall call the Thompson's

dispersion correction method applied to Eqs. (7) and (8) and the Hirao's
I

dispersion correction method using Eqs. (9) and (10) as Thompson s-A,

Thompson's-B, Hirao's-A, and Hirao's-B schemes respectively.

In summary, Thompson's schemes neglect the small deviation of the So

dispersion curves of textured plates from that of the isotropic ones and

Hirao's schemes use a parabolic approximation to the anisotropic dispersion

curves to replace the exact ones that are not suitable for the estimation of

texture parameters.
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EVALUATION OI'_ I)ISI_Ii]I),SI()N ' C()I{I_Ie,(YI_ION SCHEMES

To evaluate the pet't'ol'nlance o[' the ctispersion correction schemes

tnentioned above, we calculat, ed the So wave speeds fbr four selected groups of'

ODCs as a function of' plal;e thickness to wavelength ratio using the exact

dispersion relations p,,'esonted earlier. These speeds were then used as input

to the dispersion correction schemes to get estimatesoftheODCs. The first

step can be considered as n tbvwn_'d pr'oblem while the second step is an

nverseproblem. The initial values l'o_' the, ()l)Cs are listed in Table l. 'Phe

values of the ODCs chosen llel'e I'o_'tl_e simulations are realistic

representations of values encounter'cd in textured plates. Groups I and II

correspond to relatively strong textures and ('Iroups III and IV correspond to

relatively weak textures. Simul:ltions have been run fbr the three commonly

used cubicmaterials, Al, C,u, ttnd b"e..'l'he densities and the single crystal

elastic constants fbr the th_'ee mtltel'ials a_'e given in Table II. For all the

simulation runs, the Hill nvel':tgil_g J_ethod was employed because it is

known to be mot-e accul'ate tl_ttn oitllel' the Voigt or Reuss averaging method,

which respectively p2-ovides upper o1' lower bounds to the isotropic moduli,

The isotropic and anisot_'opic elastic constants and Poisson ratios for the

polycrystalline materials ar'e listed in 'Pnble III fbr the Hill averaging

method. For the put-pose o[' this t)_lper, we neglect any errors in the Hill

approximation. Note that, the _tnisot_'ol)y constant to isotropic shear modulus

ratio elm in Table III tbr Cu _)_'lee is about 4 to 5 times larger than that fbr Al.

Sincethe anisotropy of' a polycwstnl _ttat4l'egate arises from the anisotropy

within the single crystals and \V/,,_,, til't, tlle only orientation description

parameters of the aggregat, e,tho snme set of' W l mn represents different

degrees of anisotropy fbr ctif'f'el'etlt m_ttevials, leer the fbur groups of' ODCs we

used in our study, (]roups I _/nd II I'ov Cu and Pe exhibit the strongest

anisotropy. Ali the rest ave rno_'e wenMyanis°tr°pic, even though Groups I



and II for A1 have same toxtul'o vtllues t_s fbr tile strongly anisotropic Cu and

Fe cases. A reeling'of' the st.l'erl_tll (_I'tllo anisotropy for the tbur sets of ODCs

in tt-m.simulation can be obt.ai,_c,d t'_'olll t.lle elastic constants given in Table

IV,

Figures,_-o show tile results I'1'0111tlleir_versionstop. Here the valuesof

the ODCs that would be t)redicted' o,_ t,l_e basis of'different dispersion

correction schemes are plotted as functions of plate thickness to wavelength

ratio orb/D, where D denotes the wavelength, Please note the scales for the

ordinates are different: ibr the 131'ectict,ions of'each ()f the three OI)Cs. For the

current texture measttren_.,I_t col_fSgurt_tion I 16,171, the wavelength of' the So

waves is about 10 mm; fine, r:_lgo I)-./).5 I'o_'b/l) rc,presents a plate thickness of

0-5 mm.

In addition to the ti_ur curves representing the predictions f'rom

Thompson's and Hirao's schenles descl'ibed in tihe_previous section, there

are three horizontal straight lines in each figure, identifying the value of the

ODCs assumed in the fi_'w:t,'d ct_lctllations and the target error bounds (to be

discussed shortly). 'f'o see ht)w i:tisl:)C,l'si(_llcOl'_'ection schemes influence the

) "t 't •prediction of'()l. (.,s tile l'_,stilt:a c:._lctll_ted clirectly from lsq, (7)without any

dispersion corrections are _lso it_clucl_,d i_ Figs. 3-5, These results are

represented by an extra d_sh-dotit.,d ct_'\'c, in the W4ooand 'W420 figures of'

Figs. a-g. In the W,l,to 13gul'es oi' l,_igs. ,.,-5, this extra curve is not plotted' it

would fall on top of the curve rel)resol_ting t,he response f't'om the Hirao's-A

scheme which uses Eq. (91. A COml)l_l'ison between gq. (7) and Eq. (9) shows

that in Hirao's-A scheme, dispersion c'o_'_'oction plays no role in the

prediction of W4,_o; thel'eti_'e, t l_¢,r_,sl)ot_s_,s fbI" \'V.,14o using gqs (7) and (9) are

identical.

Consider first the perl'orm_nce, oi' the predictions of W44o (figures (c), (['),

(i), and (1) of' Pigs. 3-¢_). li'or tt,e we_tkly anisotropic cases (figures (c) (f), (i)

and (1) of Fig. 3, and (Sgt.t_'es (i} _tI_ct(li o(' Figs. 4 and ,5), the performances of

Thompson's schemes arv practically ecluiv¢_lo_t, and Hirao's-B scheme is



found to be better than Hirao's-A scl_c,ille, providing wider range of rel. :ble

predictions, When the nnisotropy boconlc, s st,r()ng (figures (c) and (f') ot' Ia_igs,,

4 and5), both 'l'honq)son's-l_ rind Hir_to's-l:J schemes may producepredictions

of W440 with relatively large c,l'l'ol's ['or shutill thickness to wavelength ratio,

This is especially trtte ti)r 'l'llolnl)S()n's-13 schellle, although it, may sometimes

give good predictions at some larf;'e thickness to wavelength r_l,io, This error

is the consequence of the npproxiln_ltions made in going from gq, (5) to Eq, t8)

and from Eq, (9)to Eq, (10), which suggests that Eqs, (8) and (1.0) are not

favorable for such cases, ()vel' the l'_ln_'e o[' thicl_ness (;o wavelength ratio

plotted, _Phompson's-A scl_on_o Ilns a l()tlg'er flat region and is generally

better than Hir_o's-A scheme lbl' t.he c_sos stuctied, in fhct, in the region b/l)

= 0-0,25, the errors assoc:intc, d with tile, I)l'octiction by 'I'hompson's-A scheme

are very small, Since in Hirno's scllelnes W,l,lois not corrected fbr dispersion,

when compared to 'l'honlpson's st'l_(.,illes, oile [lads that improvement can be

made with the inclusion of' the disl)c,l'si()n etl'oct, although this effect is not as

strong as that f'or W,lc)O,(See ctisctissions on \'V,.loo,)

Now consider the pel'f'ol'lllnllct:, of the predictions of W4_o, As can be

seen in figures (b), (e), (hi, and (kl of Ieigs, :7-5, 'l'hompson's and Hirao's

schemes influence tlae pl'c,dictiola ()1'\Nrl_oiI1 opposite directions in ali the

cases studied, although t,he nlnot.lnt ()f' influorace are about Che same in the

range of'b/I) = 0-0,25, l.i]xcept f'o_'t lac,stronFly anisotropic cases, Hirao's-B

scheme generally gives better pl'c,dictions than q'hompson's schemes and

Hirao's-A scheme, Similal' to t.he l)l'c,clictions of W.i4o, 'Phompson's-B and

Hirao's-B schemes may give unnccc, l)L:tblc, errors to the prediction o{' W4_o

when the anisotropy of Cho pl_.tte gc_ts strong', However, when compared to ttie

predictions without disl)ei'si(_I_ col'l't,cti(_i_, one Iincts that neither 'rhompsods

nor Hirao's schemes nl'e ns good ns the uncorrected predictions for ali the

cases studied, H'tais cl(:_tl"ly indic_ttc, s t.la_t, dispersion correction is really nel

necessary f'or W4L_o, As a in:ltt.eroffilct, the curves representing the

predictions o[' W.t_o witlaouC ctisl)(:,l'sion corl'c, ction in general have a very tlat
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region fo'r b/D = 0-0,25, 'Pl_ese l'c,sult_ zll'c, llof ('ully understood, It, can be

argued that, since W.z,2ois knov,,n t(J bu I_ tlleasu2'e of in-plaice allisotropy,

having little to do with the platr, ttlickf_.c,ss wl_ich strongly influences the

dispersion charact, erist, lcs, no col'_'c,ution is nt_,eded, However, this same

argument would apply t,o l)_'edictions ()I' \V.l.lo, ' Since Hirao's-A scheme,

corresponding to no cor_'ecti(_z_,/ivc, s tile poorest results fbr W4,1o, further

factors mustbe involved.

The situation is son_ewhat clit'tbrent tbr the prediction o(' W4o0' which is

rather sensitive to the way in whicl_ correction is made for dispersion, A

glance of' figures (ai, (d), (/i, tl_lcl (j_ (_t'1,'i/s, 3-5 reveals that both Hirao's and

Thompson's schemes ilnpl'uv_, tile (,stil_attion ol'W,lo0significantly, Noting

the compressed scale of tllese pl(_ts ',v(.,sc,e thtlt the errors are considerably

greater than in the. prt, dicti_l_s c_l'\\' i.ie_:tnd \V,14o, Hirao's-A and Hirao's-B

schemes generally e×hibit siI_il_/l' 1)(.,l'li_l'lnance, with the fbrmer being
n

somewhat more accurate, 'l'holnpson's schemes also exhibit similar

perfbrmance, partictllarly wllc,n t.l_o nnisotl'opy is not strong, Depencling on

the sign of W,loo, Thon.ll_SOll's and l-:til'a¢_'s schemes may affect the prediction

of'W4ooin either same o_' opposite (ti_'ection. For weakly anisotropic textured

plates, Thompson's schemes genel':tlly predicl_ W,,loo with smaller errors,

When the anisotropy bouon_es stl'o_Vu_', Hirao's schemes can be superior

than Thornpson's schemes. 'l'l_i._ ii_ct is due to the nature of the

approximations made in the'Ptaompsol_'s and Hirao's schemes, Per Hirao's

schemes, the accuracy of' the proctiction is closely related to the value of'b/D; it

is relatively insensitive to tl_(.,d_:,grt.,u_{' :_l_isotropy, 'Phe peribrmance of

Thompson's schemes, on the (_tl_c,_'I_:,i_cl, depend on the smallness of' the

difference between the isotr(_pic _nd a_isot._'opic dispersion curves. Ii'or most

of'rolling and annealing textt_l'(.,s, l)_tl'tictzlarly on A1 plates, where the

anisotropy is not very st_'ol_g', tl_is(lii'f't:,l'ence is indeed small, In this case,

Thompson's schemes rn_y be _oru _tpl_l'opl'iate lhr b/I) > 0,15,. The greater

sensitivity of the predict, ions of \'V1(_(_to the (totails of' the disl_ersion correction



occurs because W,l{}o{lel)ellcls {}I_II_{,{tl}s{Jluto, I'tttller than relative values of

measured velocities 17],

To see how 'Phonlps()n's nnd llil'_lo's schemes correct f'or Cho dispersi(in

quantitatively, we set up tile l'ollowillg ttirt¢'c't error bounds fbr ead_ group:

I8W4ool ~ 0,001, I8W4,._olnild I3\Vtl_l- (),()()()5, 'l'hese error bounds are

chosen from a pruct, ical point u[' view, ns riley represent the experimentally

observed clit'f'ereilces between ult.l'asollic tlncl clif'f'raction (X-ray or neutron_

predictions of the Ol)(?s I7}, Table V sl_uws the acceptable limits of thickness

t,o wavelength ratio For 'l'l_ollll)s(in's.A :,11cl Hirao's-A schemes as well as

from the uncorrectect eClti_ltioll if'on(:, wishes to stay within these bounds ibr

the cases studied, it, gives _l lgtlido line Ibr t.l_e validity range o[' the current

experimental configural, i(_I1:111(Idispersioll correction schemes, For most

metal sheets oi'interest ii1 tc,xttll'c, _lllcl (i_l'ill_xbility prediction, the plate

t,hickness is less t.htlIl'2,5 I'ni,_, 'l'llis tlliul<Ilessis about the limit, of the

present techniques ii' tile w_tvulol_lath is al'ottnd the typical 10 mm value,

From TableV, it, isl'c,:ldilvsc, t,rl Ill:lt, li>i'tllc, pl'criterion oi'W,io o, Hirao's-A

scheme is not thvorable liJr AI wl_ul_ tl_e l)l_lto ttnicl_ness to wavelength ratio is

larger than 0,17, \Vith lilc, uXCel)ti,>ll (_l'(il'utll) II irl Cu and Fo, q'l_olnpson's

scheme provides a wiclel' l'_lIigc, (_('v_lli(I disp(:rsion corrections tbr W,too, Igoth

Thomp,i_on s-A ar).d t-lil'ao's-A sc'l_c,ill_., l_(J,,vever signif'icantly improve the

prediction of W,.Io(-_.On t.he ut.l_c,l' Il_lIl(:l,the valid range.s fbr both Thompsorl's-

A and Hirao's-A schemes Jbl' tl_e pl'u(.liction o[' W,l_oare narrower than that

fl'om the equation without dispel'si(in c()rl'c,ctiola, It, alsocaa be seen from

Table V that the valid l'ai_'o of b/I) I'(ll' 'l'l_Uml)son's-A scheme fbr the

prediction of Wa4ois ft'ore 0 t.iI) Io _tl)otlt (),;_5-0,4, The corresponding range tbr

Hirao's-A scheme (equivnlc, nt. to I_(_c()t'l'ecli(in)is 0,23-0,3,

From Figs, 3-5, one c_i_rl()t tilil tc>so(., tl_lt even when the plate thickness

approaches zero, whc, l'e It_e dispul'siula u(_l'l'octions are zero tbr all schemes,

the results from the invul's(, pl'()uc,:as(1(_I_l M'ive t.he fight answers, This is

not surprising, The ui'l'ol's [i_l"l'tlullll)soll's-A and Hirao's-A schemes are
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due to the nppl'oxintt_ti_ll,_ i_lc, wl_un _luvt,loping li;qs, (FS),t7), and (9/, 'Phese

el:'rol's, howovol', ape I11g'_.'llt'l'tl[ tt_lul'all)lu_l,<tl_t:,yarc, well wit,hint, het, argo_

error bounds, '['heso c,l'l'ors lll't.,l._'ivullill 'l'nble VI Ibr ali groups, li'or
F'I I i

lhompson s-B und t-lirt_o s--lt schulllt, s, l.lle c_rror,s in l)l'odlcl, Iiorls of W,t2oalldt

W4<toat zero t,hieknc, ss li_l' (..!tl_tl_dl,_uc_ln I_c,l_irg'e, exceeding the t,arget error

bounds, Table VII lists the ('I'I'(JI'S I'1'(_Illtllest, two ,.cs'henles, A colllpttti<.on's o{'

the values in 'l"able VI ii)tll_so ii1 'l':tblc, VII cleal'ly indicat, os tt_at, with fb,,v

exceptions, 'Phon_pson's-A _liltl 1-1il'_to's-Ascllelnes are better than

Thornpson's.l:_ lind Hil'il(_',_-I_,sc,l_t,Ii_c,,_li_l'tl_i_ plates,
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W,eht_ve_.,,,'_lt,i_Lt._,c_lt l_, two :L',':Lil:ll_lc.,clisl._ersiorlec_v'rect,lun met,l_c_cts

using numerical slll_t.tltll_ioI_sto estit'_l_ltoli lc, rtlng'e of'validit# oi' c._ach

t, ,i Icorrection scheme, In Kc,xlc:rltl, I._otl_'l'h{_nll_sori's-A and l-l'ttac_s-A sehumes

work well Ibr plntus with tllic,lcvic.,sstc_w_ivc,longth fat.lo loss tllttn 0,I.13,

'I"homl_sc_n's-l3ttnd t-lil'lto's-l_ scllewl_c,salso lenct t,o s_ttis['act,ory rosult, s in this

region, except, ['or p_'oblevl_sat st_ttll thickvless t.o wavelengttl rut,tos o[' highly

textured plat,es o[' I% _tv_cl(Iu, 17)_,l._C,a_cliv_gc_v_tl_e clehtils o[' toxt,ut'e, prel'eronce

may be given t,o _l l)_.tl'lic'ttl[tl' so'lie, lilt,, I,"l_l'tl_icl,;v_t,ss t,o wavelengt, h rat, los

larger than 0,15, eltCl'l tecll_licltlt , I_.,_,:irlsto b_'e_kdown, 'Phc_xnpson's schemes

usually have a greater l'_tv_t.','c.'c_f'v:tliclit>' lbl' \V.ioolhr weakly an isot,r¢_pic

materials while t-tirtto's SUII(.'II'It'S fill'lr I)() .,4til)crier in the predi,:',tion when the

materials anisot, rol)y is st _'o,i_.;',N(_,_t,(_1'Ihc:,sc,sellovlles, however, provicles

adequate cc)rrectic_v_sfbi' \VI_(_wllc,i1tile, i'_tt.ioexceeds C),_3.Therefore, one

should be very c_utiotls v,'llell atpl)lyivlg the cul'rc,v_t,u×perin_enl; cont'igurat, ion

to plages thatgive t,l_ic'l,:nc,ss to wnvc,lellb!,".l'_I'ntio larger thnn O,_, I%r the

predict,ion of'W,l,2o,t,l_e t_sc,cii' I_c,itl_c,t' 'l'l'lc_V_l)SOn','' homes nor,, su Flirao's

schemes is encouraged as they ali I'c,cltLcelhc, valid range ['or the prediction,

ffor W44o, Thonapson's-A _tn¢l l-li_'aCs-A sc'l_c_n_es_re practically equivalent

fbr plates with tlaicl<ness to ',v:tvc,lel_'tll _'atio less t,l_ttl_0,2, When this rat,lo

exceeds 0,2, _I'hon_pson's.A sc'l)t,v_t, is I't:,ct_vllvner_ded,In either cttse, the

dispersion correct, ion c,['[k,cts _trc,v_t :ts _lc,l_li_attnt:ts tbr W4oo, Pinally,

Thompson's-13 and l-lirac/s-I _,,;c'llc,llle,s sl_t_l¢l be avoided when the plal_e

anisotropy is very st,_'ov_t4,clue:,to II_c,_'t,l_tti,,'c,I_trge errors at srnall thickness tx_

wavelength ratio,
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'l"(tblo I, lxlii, tnl {)l}{.!s fi.))'t!()tlll}tll(,l'-'iv)liil_tli{)lls

tll'{_up I {',l'{}Ul} li tIPoup lit {.IPOUl._IV

W,too .{},{}l {},{)1 -0,0{}5 ' 0,{}(}5
I',_ (W,l_o .(},{}{)5 .(},(}(}5 (.,{30<_ {),{}{},]

{},{}()/,} -{},(3{}4 -{},{}{34W4,to .{3,{3{}75 "_

{P,il((]1 }n } {! li,.,X{ I}n} {l,l,_{{._Pa) I)fg/cre'i)

A l -I{}_,{J {12,{} _8,,3 2 '71.
'{ '}'.}f) '_" '] 8,9{-I,Li 1{},:},{} I_,,. ,,.,,,_

FO 2'29,{} I:J.I,{} 1,14,(} 7,8

Table III, Isc}tl'{}l)ie tll_{.I :lilis{}ti,{}pic, {:,l:l._tim{!{}i-lsl_.lril,s arid Pc}issori i'nl;i{}8
of' l:}{}lyci'ysl{illill{.., ili;ll{.,i'i,:il.-4 li.,4illb4,tl_o Hill avei'tlgiilg in{.;l,tloct

1,=X+21.i 1}::7. 'l'-ti c'. e/t.l. "li
{{71I'li} I{"il'{i} {{ll'_l} (CII}a}

........_ ...... ........,,..,.. .... . ........ . ........................ ,.,,.................,,...... .... ............

A 1 112,{}{:} 59,!}7 tT{:J,{}5 -10,77 -0,41 0,3486
i} " _'}(,I,u ..,()0,7,.., l(}{},llJ .17,_.},(} -97,(-18 -2,{}7 0,3459

Fo ,.}_o{_v. ,} ,v.- ,]2,{}8 -1,(g<} (},2915
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Table VI. Errors forzorotllickr, essl)l:_tes(x0,01)
(For Thompsozl's-A _ll{t l-til'_l{}'s-A schemes

18W lo{.)l I8\V.I_{}I 18W44oI

A 1 (2u I,'e A 1 {1u I,_e A 1 C u IVe

Group I 0,009 0,050 0,{}5{}0.{}0(_ 0,029 0,029 0,003 0,012 0,010
Group II 0,019 0,054 0.054 {.},007 0,033 0.034 0,003 0,017 0,013
Group III 0,002 0.012 0.012 0,{)02 0,009 0,008 0,001 0.005 0.005
Group IV 0.001 (},011 {},(}12 {),{)()2 {),{)1{)0,009 0,001 0.007 0.005

Table VII, ErPol'sIb2'zc_l'o tllicl<ne._s 1)latt{_s{ x 0,01}
(FoP 'I1'11{}1111),_{}1:1',_..1_{Ii/{I l lil':l{}'._--lg schel]_es

I8\.V.,{}{}I I 8XV._{}I I8W4,1ol

A 1 {2u l,'e A I (', u 1;'e A 1 C u I;'e

Group I 0,014 0,{)87 0,{.)81 {),{)1)70.035 0,030 0,003 0,017 0,011
Group II 0,()15 0,1(}8 {}.{)95 {),{}1(30,{.)8!-)(},074 0,013 0,072 0.050
Group III 0,001 0,022 {).{}2{}{},{){}5{),{)21 {).018 0,003 0,016 0,013
Group IV 0,001 0,02:21 {},{)21 {},{}(}2{),{}1'2(),010 0,001 0.002 0.000
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Fig. 1. Definition of coordinates
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Fig, 2. Isotr0pic dispersion curve for the So mode in aluminum
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Fig. 3. Comparison of dispersion correction schemes in predicting
ODCs for Al. (a)-(c)" Group I; (d)-(f): Group II i (g)-(i): Group
III; (j)-(1): Group IV. Thompson s-A scheme,
............ Thompson's-B scheme, Hirao's-A
scheme, .... Hirao's-B scheme, --

no dispersion correction, exact
value, target error bounds. The target errors
are 0.001, 0.0005, and 0.0005 for W400, W420, and W440
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Fig. 4. Comparison of dispersion correction schemes in predicting
ODCs for Cu. (a)-(c): Group I; (d)-(f): Group II; (g)-(i): Group
III; (j)-(1): Group IV. Thompson's-A scheme,
............ Thompson's-B scheme, Hirao's-A

scheme, Hirao's-B scheme,
no dispersion correction, exact

value, target error bounds. The target errors
are 0.001, 0.0005, and 0.0005 for W40o, W42o, and W440
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Fig. 5. Comparison of dispersion correction schemes in predicting
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I_A1_"1'V,

EFI_ECTS ()F I)ISI)Ie_I{SIC)N ON THE INFFRENCE OF

METAI, TIa;XTUI_Ig I"I{().M S I"I A'I'E M()l)la; M1,ASUI_EME,_ ,,.,

PAI:_.'I'II, INIOI,LIEN(".I!; ()I;' I)LII_SE I)ISTOtg'HON

()N VI,;I_()(ilI'I'Y MEASUIgEMI_3NTS



AI_,S'I'I;_A(?'I'

Met,ni t,exture (prul'errc, tl t4'l'_litlol'i(.,tlt__ti()tl)ettn be st;udied by

Ill(._astlrenle;nts ()[' tile anis(}t,l'()l.)y (11'(.lie pr()p_/l_,',lt,ion speods ()['Ktlidod elllst.;ie

modes in rolled slloets or plates, Ir_ l,l_., t__c_st,common expeviI_ental

cont'igurat, ion, the ph_l..q.ovelociLy c;l' t,ll_._I'u_dalllentnl syn_rnet, l'ic l_,amb wave

is inf'-erred From I_e_/su_'¢,t_lc.,llt,__t' the tiIilc,,q _)t' wt_vc,li_'n_ zero-c' '_'lossltlgs as a

function ;_t"propag'ution dist, alac'_.,t_nd all,_'l_.,, 'l'his pnper analyzes t,he et'i)cLs

of dispersion on the/./(.:Ctll'/l(.'y ()[' [11111 tecllt_i(It_C,, Using a general pulse

distortion moctc,l t(_ t__tl,,'zt., t[It., l)l'{)l)t_ttliut_ o[' (laussin_ shnped pulses,

computer simulat, ions of lhc., t,['('c,cls (){'I.i Vttl'it'ty o1'experimenl, al paramel, ers

are studied, It is concltldc, d t l_t pt_lsuclistol'tion does not, introduce an

intolerable error in a tyl)ict_l e×l._el'ilnc'r_t_tl co!_ISguration,
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Measurements oi'tile _ltli'_()tl'()l._>'()1'tllc_ vc,locit:ius o1'ultras()nic guiclud

modes are presc_nt,ly hoing utilizod t,o ._tucly the t,oxt,ure (1)refbrred grain
i i

orientation) in l)olycrysttLIliI_e vlle(..ll pl_lll, S11,91,._Th °'lsinlorrn_ltlonisol'

considerable interest Lo the zl_tlI_Ul'acttll'il_g COilltllunlty, since it. influences

the ability of'sheut, s or l)l_.tt,t.,stl)I_c, ['ot'lllvd into eulnplc, x shapes li],411, Tt',e

guided mode which has hc,c,i_ t._sc,d i_ost t,xic, l_si,,,t:_lyis the S o, or 'f'unclamenta[

symmetric l,ltnlb nl(_clc,151. ,;\t I_,,t£ ',,,'_Lvt,I¢,,1,,.,,tl_lir_lit., t,ho velocity cii' this

mocte approaches _t COllslllIll ',vllil.'[I c'ln I_t, i,lt.C,rl_rC,ted in terms of' t.exCt_re.

parameters [1,21, Howc, ve_', :tt _tII3' 15__ite_e_sul'ornent ['re.quency, solne

dispe_, '_'s_onexisls wtl()so ef'fbcts Illtlsl be, l_l,:el_ i_t.o _c.counC in the

interpretation of C,Xl)oriil_enl_l[ (]:ttt_, ..\sst,lniI_g' that the experimental

technique precisely n_e_stll'c,._ I]le l)l_t' vc,locits', 1)n_'t I o[' this paper

evaluates two recently pl'(_pc)st,_]lecl_,_i(It_,s li_,' extrapolating to the long

wavelength asyi_ptole iii' tilt, velocity I(_1, I,_ tl_is sc,cond part oi'the propel', t,l_e

f 'eflbctso d_spersion u_ a col_lll_lllv c,rl_pl{}vud tc,c.hi_ique For estimatingi.l_e

ph[1so velocity _tl'e cliscussc, d,

A technique that is co,n,llunly tlsed iil the measurement of phase
rvelocities of'elast_c waves is t l_c,:<t:,l'o-cr'ossing shift, technictue, A pulsed

wavel'orm is til'st c,xcito_.l by :_ t_':_,_.,-.:,_itti,_,v,tv_,_sducc, r, One then ,nc:asures

the time ctelay (usut_lly witl)z_ ti,,_c, il-_lc,l'v_tl cot_,lter)ofa specific zero-

crossing of the rc,cc,ivecl w_vc, li_t'_,l li)l' _t i_tll_)l_t,_'of clil'fbrent st_,t)aration

distances between t,ransI_itti_ :t_¢l t't,c'c,ivi_' t l'_,nsducurs, The phase

velocity Vp is then con_ptttc, d_tsll_usl{_pc, t_l'tht,¢listance-delayplot, leor

nondispersive waves, st lcl_ __ ttl.,i.)t't)_tc:]_is quite, i'igorous, For dispersive

waves, however, t.hi__gs',ttl'e i_(_'_, ct_l_l:_lic_tc,d I:_ecause of pulse dist, ortion,

,," I<_¢'itv\'g wi(l_ wllich the envelopeFirst of all, [/(,cttt_,,_,e t.la(.,r.,l(it.llJ',,'(,

l)rOI)agates, and th_., pl l_tsc, \'t,ll_city \;l_' _','il.l_wt_icl_ lt_e zc,.ro-crossings



pPopn_nt,e., nl'e uxlecltl_tl; t,Jlu i}{}_iti{}lt {}f' :t s{,lu('tu{[ '/,ur_-_Pos_it_gsl_ny t_t>vu uut,

of Lho pulse ozlvulc}pu whun I}1{, ull_lllh"u {_1't_':_l_,g{lltce'P_upnrnl, i{}t_ tta InP_u,,

'Phis limit, s t,hu I'tltlgu {)t'{lislzlt_t, us _ll wlliull (l_l_ _'l_l_I}o {)l)tnined _nd I_uneu

velocity, 'Phe bohnvioP oi' n l)_Ptivtll_P zul'_)_'l'{)ssing n lz_y not, be, uhnl'ncCuPisi, ic

of the phase velocity [_t,n sin_'lu I'l'OtltlU_u3',

In t,ho nl)plie_ll,iot_s o1'tl_(, zc,_'o-cl'{,,ssilip,'sl]ii't, teel_nique lo l,he

chnPncl,ePiznt,ion {}t' i,exi,ul'e of _ll{:,l_ll I)ltitus, i,l-lc,{exl, tll'e induced nrlisot, Popy eP

pint, es is/_'el]oP_llly (Itiit{.' ._i]l,'.lll, I,{.,i_l,_,'<}li IIlu {}1'{]{.,1'{}['_| l)OPCt.'ll(,, 'Po obt._liri good

O,SLiII1III:i{IIlS 0[' [,llt' I('XILII'{' [)_II'_IIII{'I{'I'S, Iii{' :lCutll'_uy u[' l_huphnse velocit,y

n]ensul'emellt, illt1,,.4(, I}e I_igl], '['}1{,{'{}IIIlII{)III,V LISL'd {,I'[LIlsdLIcOP,_ ill t,ext, ul'e

ehnraeLeriznt, ion _lrc, c,lectl'o-i_lip;lautic {ic{}ttstit: tPtinsdueers (Ii]MA'Ps} 171
' t

which launch _tncl t)ick t_l)l_t_'l'(_wI}{tla{II{}rlul}ttl'sts, AI, n t,ypicul tvequency o1'

500 KHz in pl_ltes {}l'n_illil_utvP ttli{.,l<_l{,s._,tilt, disl){)l'si{}n {}t'the 8{}m{}de is

_tls{} {}rl (;}ae (}l'Clel' {}['Lt ['ew l}{,2,1'{:{,lll ['2], ll{,_ue {,_ll'{.,l_tlltlt, t,enti{}n 15{}it,s el'PeeLs is

Pequived in ul'{ler t{}is{}lai{{,tl_t, t{,xttll'u ul'f'vuls,

'P{} ttnclel'si_in{] {111([ _tssuss I[](' {'f'l'{,{'tS (}[' pulse clist,oPl.ion {}n zel'{}-

crossing phnse veloceit.v i]_{,_lstl}'ull_ul]ts, wu will fir'sf l)Pesent, _ genePnl pulse

distortion model _tnd use ii. t{}:ll-i_Ll3'zc,l.t_{,l)l'(.}l)ngnt,i(}n (}['n (]ntlssiztn shnped

pulse, 8in_ulnl,i{)ns (}1'the I}(,ll_lvi{}l'(}1'w_tve ti}rnls silnilar t(} i,h(}se employed

in l;exture n]e_tsul'omerlt will lll{.,i_I){:,II_:_{l{,usiIl_' the model us tt bnsis ,

'Phen, l_hencctll'ncy (}1'l}(}t.t]:lI}s{}ltite _lIl{I i'{,lativo velocity mensuvelneni,s

using the zePo-crossing t{.,clliliclt!u will i}_,:_l:tlyz{,{l {lhd discussed bnsed {}n

comput, er sin_ulnt.ic}v_s, l,'ii_:tllv, _ ,_l_{_l'tstll_l_'v ec}neludes t.his pnt)er,
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'Po i_._vost,ignl,o tile i.}tlls{, {li,,_tol,ti{}v-ii:}ll{,tl{}ll_,n{}v_,_Lill{}clt'l int,Pc}dttee{tby

'L'hc}rv_psonand l,_isloy181cLIl_l f'ul'th{,l' _LII_Llyz{'{!by I.,t ni'ld 'l'hc}ll_p,_{}n191is

nppltod h_Po, ti'opdot,_ilc:,dstudy (}1'tills illodol, t,he x'¢,_xclc;l'ts encc}ttPngedt,o

Pef'_Pto Rof',!0, l-IePo,{}nly tl_{, iv_fi}l'vn_ti{}__'el{.,vt,nt,t,o this st,ucty is included,

a pPopagat,ing wavo wl_y be cl_:,sc:_'il_eclI}y lile Ibr'In

:= elk (11

who,'o A(k} is a f'ttIlI.'.t.i{},lclefil_t.,i_gII_e Sl.}attittlI'v'c.,quoneio,,4o×cit,t,d hy t.h{,

t,v*t:tnsdt.tcoP, ai'ld l[_o _tvlp,'tl[lll' ['l't,clll{.,l_cy {,} is I'{,]tltt.,c[ t,{}1,, by n {[isl}ePsic}n

Pelat,lon,

'Pho ctispePsi{}n i'ell_ti{}v_clti_ I}{.,siV]]l}lific.,dby v]]_king tt 'l'_lylc}l'eXl}_nsi{}v_

nt I_=ko:

{,}= c_}{ko}+ o}'{I,;{}}{k--I<,}}_ 7" {,}"{I,;{}{k 1<_}}_ -_.,,, (2)

whc;t'e, (ko, {%)is t,he l.}{}itlt{Jr'{}l)C,l'{ttic}nc+_{2,1_t{,_'',,,,Lt,,'{.)l_tttnl}oPhttd t'I'{!{.ILIC),IIICV}

,J

cit,}]I<-:k,}:ln{I {,}"{I,:<,}::::{1'{'---2}11_I,,,,
and o}'{ko):"X"r{= di--7' {11<"

leor an aPt}il..PaPyA{k}, __ulne_'iczxlintep'l'tttic}rl is ttsually PoquiPed t,c}

evaluate u{.L,x}, When A{k} is a {'_IltlSSiIill t'uv_ctic}n,hc}wevel', iI_t:egPal,i{}nc_tI_

be carried c}u_ttnalyticttlly, ]{,:t{livl}__'t(} ttsc,i'u] pllysic_tl insight,,
l,et

1 " _'-:1 {8}A(k} = 1_,exp, --T{l<-.I,:{,}l [

Subst:itul;ing this eXl._Pessi{}_liar{}1'2{I,{I }:tv]{I{.'{_v'_'ying{}t_t,t,h{.,int.c,gl'nt,ic}n,

le.ads tc}rho Pelati{}n

u{t,x} = [ U{t,x}lexl)[.jlc,},,t....I,:,,×}-,.\l'}_,{t,x}l} {4_}
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{\,' t .x)-'
(,XI.), _..... _I .....

wit.h I U (t.,,'<)l .= -- . _1_;:!(1°_''!
.F.!t+,,, (,lh)' '/_"-'_-Il+

*J

l l (\,'_t .-,x)"T:
and Arg (t,×)= _.t.nr_ 't: _i_:{(i ,.r,..!> (4c)

whure _ = c_"(I,:<_)t/13_,

'I"hor¢, ttl'c.,t_lctvl,_.'il_{¢,l'v_lin_' I'utltul'v,,._(_1_¢,¢',:tll dvdue¢,f'r(_v_l!_q,,.,,;,C4),

¢:onsiderc, d t_ tt l'I'(.'(ILl(.,IlC.'y _ll<_It_l_Itii_l, _tl{.'l_tllItt, lirte, ttr rc.'Iztt,ion bot,woon L

attd × rrc+lor_'<+,rt,ximt,g, 'I'I_<,:_ttltlv _I' tlTis pttlst., l.+_'(+p£ti,CttLior__t_(:)<.Iotin I+,oI',,_)

ham showt_ t.httt tl+¢, u++c_(lt,l_t_:,'<+,¢,_v,'vll witll V×l._v_'itn_:,t_t.ulnlott_t.trOttlorxt..S

_irlcc, thl, xt, r()-t+'l'<_.,-:,,gill_[lJI(",l,gtll'(,'lllt,llt l(.,¢.,}llliCittu l'(.,li(.!H o11 t,hu lir_c+£trit,.v

t:)l't,he t,-.x r(+,Ittti(_n, i+_'l_<>l':t_ict,(_l'<li+l.)(,_,:..+i<+_.,(,l'f'(,c't__+++t,_,,l(+,ttdt,()t._rrc;)r_ooum

¢'st,imnt, iott of l:)l_t+¢,vt,l<+cit!,,. Irl llt',\t ,gt'(_'ti()l',, _t,'c,,,,,'illiI+tvost,iffttt,o ir_-dI:,pt,lt t,hu

of'f'out+st,ho uxt, rt_tpl_zt,,-+_,,_l_iI'tit_v++l'_'<.,Clttt,Ilc+.,vIlt(>¢Ittl+.tt,i()ttl lt+_tsorr t,l_o t'(+,,littbilit,y

(:_f'v(.,.locit,y tt;(+)t!t+t.trunl(,rtt,l'l'()lll t l_(, _,(,l't+-c_'()>;,gi_l_'tc'ul_niciLtO,
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The rnodel p_'eserlted ill t l_u uI,c_vc,._c,uti_l_ is LIpl._licul)lu t,o u genur_Ll

dispersion, Ne×L, ttlisxrlodul willl,usl_C, ci_llizc,cl to study clunntitativoly the

intluenee of dispersion induec, d l._ll_.lse ._l_il'ts on zero-crossing' zneusurunlont, s

of'rho velocit, y oft, he So l,,_ll'nh iiloclt._, \Ve will ttse l.he expt_.rililt._lll,l:ll

configuration at, our lul_or_tt,ol.Yl21 _tstl sitntllaltionb_tsis, Since t,e×t,ure

characl_erization is perfi.,rIlled in tile low I'l'equuncy region, t,he dispersion of

t;ho 8o mode is relutivvly v,'eatk l'21,

"P(.)l)er.('c_rI'vlt,he (,()llll)tltt,l' :-ill_tllztti(_11,t llu I'llllCl, i()ll,'4 (,)(le_0), (,)'(1_.0), lind

of'(ko) must be (_l,t.aillecl fil'st, ()1_(' _l._l>r(_tullwould involve numerieully

solving t,he l_,_ts'lui_4'll-l,_tlnl_{lisl:_t.,rsi(_nt,(ltt_tti(,l_ I,_1and evuluut,ing t,t_c.,

derivatives numeric_tlly, 'l'l_e c(_l._Ut_tti(_n._;I'etluirt:,d could be very extensive,

In an alt, ernal.ive Ul:,proz_t:l-_,_ttlnul'ic_tl st t_tlius in I,his section are based on _t

polynomial expression v,'hic:l_ closuly uppl'_xiI_ztt.es t,he corresponding

_solsrop_c dispersive eClt_attio_, lt is tl_vn p_ssil_le to evulualse the derivut, ives

nnalyt, ically,

The upl_roxiln_te clisl)ersi{)l_ _'t,lztti_n t_ l)e used here is

W = ',_t( t--4 I(:l+:ll'('_)_._ I,(_(1+1()+41("3(1-.t() (5)

where W -I' _'_, I(.:1-'k, u is ll_u l"uissl_'s _'_ttio_,['t.l_epl_t,e mnl,erial, b is l,l_e
r_V't n

plul:e thickness, _tr_d VI is the tr__svul'se l:_l_tl_uwuvu velociLy,

gctuaLion 15) v,'_tsdevull_l)t,_l I_v li)l'uiI_h"at Ii['tt_ degree l)olyx_omiul

satisfying rho ti_llowing I_(_t_l_l_tl'vc_,I_.liti{_l_s:

W=0, W' ".:dWMI( =: , 2,/Il--t)) , \V"..::\V"'-:() _tt,t(=()

W=' '[_2, \V' ::. 1,",'-''2 _t, t(-=1

These are eonditiuns tl_tl ttll G_ illo{lu islet _'ol_iudispel'sion equztt, io_s sur,is[y,
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illustrat, od in I;'l_4s, 1, li. e,,xllI)e seen tllltt irl tile r_tl'lge I(=0-..l, (,he

approximuLior_ dot,s I_ \'ury _,,'t)_(I,j()b (_11'\\' _t_l(I W', _tnd is t'(,ns()Il_tble fi_l' W",

espeeinlly in t,ho rnnge 1<=(),-{1,5_,,'itlli_l wl-lic')l I}le erl'()r stttdy in rlu×t sect, ion

eoncenCrnt, os, Similnl' _t_,'l'c,c,lJ_t,l_ts wc,l'(, c_bst,l'vc,d ibr isot, ropic trapper ttnd

st:eel, Wit, h the att.)Pl'OXilnllte (liSl.)el'si(_ll (:,(itt_ttioll, du>/(lkttllct cleco/dk'"cL_n t_u

e.nsily obCnil'led, i,e,, V_:=do_/_.ll,:=\'td\Vl<.ll<,l_l_d of'= dem/dk:e= (bin)Vt, _l"'_V/dl<Y,

Figures 2 _tnd 3 sl'low _.:(_(., e×l_C,l'iI_t,l_tl_l '_',,'It',,'C'['O1'1118118wull nS

simulat, ed wave ['orrns 'l'hu x,,'_tx't,li_l'_ns in l,'ib,,'s '_ nrc obtnined using t,wo S

irlode EMATs with _,tpc,ri(_{Ii>l'5,1 1_1111t,x(.'itpd _vt _'ot_nd 850 l(}-Iz on n 2,2 n]lli

thick Al plltt.e, 'l'l_e ,.qo_,(It, i'_,sl_,lls_,s .-_l_()w__:lte t'o_' sept'tr'ctt,it_ns of

approximt_t, ely 150 nim _lnd :._:",tl_ l_{,iwuell li](, t.r_nsn]itting nnd receiving
i

IgMA"Ps and th_:, l.)l_ttc,i,_ we_tl,:lv :t_is(_tl'()l)i(.', 'l'l_t, sirnulttt.ed ,,v_tve [i)l'_lls nl'o

obtnined from Eqs, (4)nl]d I'll(I,{,r-a),'1'}_(.'ptll'Lllll(..'[()l'S tlsed t.ll'O; t,hickrtess b=2,2

mm; Poisson's rnt, io x_=(),:_,lS; i)l_v_(., ,_t_(,:tr wnre ,,'uloeit,y Vt=:_,,15 mm/bis; wnve

length or I!gMAT perioc)d I)=5, 1 II_l_; :ti_(I i__iti(_l puls(., v,,idt.h B=14,() n_m,

Agnin, l.)rop_ll_(ttti()ll (]isi_.lnc'(.,,,_ ii[' 15()I1_111 :tl_t{ 2,q()1'11111 _ll't' eor_sidored, These

wnvos are ni)t. ['t'()_aact.trt't,t_t tt.,×it_'(, (,Xl)t,ri_,_e_t', tlat,y I_:_vebeen selected t()

show Ciae,cl_t_':.t,.'tt,t'istic:.,-;_1' clisl)t,_':;i,,'t, ,,v:_,,'_.,s,,,Ns ,,viii be shown lnt,t.,,r, t,t_e S o

,,vnve under i__,,'(,.,;li_,_tti()_is I_,ss (li.-;i.)c,rsi','(., :tl_ti t.l_c,pulse (tist()t't,i()n is less

SOVOI"O,

C',on_pt_l'ist)n of li'i}.,,'s,'2 _tI_(]:3 illustl'_tt,s _t nur__t)c,r oi' c()rnmor_ fi_,.nCt_l'(,s,

In each cnse, tlac; higl_ I'l'C'_ltlt.,l_c',V c'()llll.)llllellt,'-; ll_lve I_[_()vedt,o l,he trailing c_dgc,

of Ciaepulse ((,)"<())nnd tl_e la(Cise ;,,'itlt l_ i_t:t'(.,:lsc,s ,._ubst.nnt,inlly ats the l_ulse

t.)ropngat, es ['rem 150 Ii_lI_t(_ 25()illIl_, I 1(,_'(.,t.he ___odel repr(_duces (,he

donainant, fenCur(_s of thf_, (,Xl)__,l'iI_lt,_lt,I,'ttt'tl_c,_', tl_(., sl_upes (){'si_nttl_.tt,(.,d wnvu

[brms tare in good ngt'een_t,nt x,,'itl_ rh(as(, (ai'c,xp(.,rilner_l._lly obl,ninod wnre

fbrms, even t,l:tough tl_e uxpul'il_(,__t_tl v,'llvt, {()l'lll,q [ll'u lloC (][ll.lSSit:lll sl_tped,

Note thnt the delny ti_at.,s (i>l' t.l_e t'Xl)i.,l"illlt_lltLll \V'/VU ['()l'lllS _11'()l()llla'Ol' t,lll:tn

t,h()se of sin_ulttted ;vnv(., lbl'ills, _ll I_()tl_.:,}lt}_(, i'(.,l_.,live (lit'fere.nc(:_,in t:i_ne del_ty

fbr Figs, 2 _nd :_ ',_1'(.,idt,i_lit':tl, 'l'}lis is I)l.'(.'IttlS(' Ct/(.' oscill()sC()l)e"._ t,ri,gger t,i_'_e
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is not the time at which t}_e c<,nte_, (,t' l)tllsc, s eIlter the t.)]&ltIe, A close

examination of"Pigs, '2 and 3 i'c,\'(,:tls rh:tr tilt, c,I_velol)e peak locations (br

x=250 mm are slightly dit'f'c,_'ellt. 'l'llis cli_cl'c,p_tncy is originated ('rem two

sources, Pirst:, the Al plate possc, sses tc,xtul'c,; it is weakly anisotropic, This

weak anisotropy alters the dispel'sion c'll_tl'_tc,teristics of' the plate leading to a

slight deviation in group velocity fl'om th_._isoLroi)ic model that our

simulation is based on. Secondly, tile li]k'IA'l' separation distances fbr the
,

experimental wave forms are i]ot l)rc,cise; a u_easurement error of+2 mm is

possible since theywerc_ not c,x:_c'tlVlllc':_sLll'(.,ct. It. hasbeen fbundthat the

second error source corlt_'ibtltc, s _lol'(:' t l_:_n the first one in this specific case.

One may also note that the _'c,ltLti\'(:, nl:tg_itudes fbr simulated and

experimental wave t'orms are clill'el'c,_t, wllich is due to the frequency

dependent attenuation et'[bcts n(._tincluded in the pulse propagation model.

More detailed and quant.ittltive c:c_llll)a!'isons oi'experimental and simulated

waveforms can be found il_ l{c,('. 9.

Using Igqs. (4/and (5_, c(_ll_l)tit.c,l'silntllgtti<_ns were made to determine

the detailed eflbcts o('clispc'l'._i(_ll o__l)l_:_sc'sl_if't and velocity measurements.

Let us define t.he relattivc, (:tispe_'sio_, i_,<ttlc:_:,(1elal'or as (Vm-Mp)fV p, where Vm

is the velocity as measul'ed I_v ll_, z(,r_._-c_'().-',singtechnique and Vp iS the true

phase velocity. In actdi{i(_,_ t(_ tt_(, l:>l_ttc,II_ic']<ness, this error is determined by

the fbllowing variables: x, t l_e tr_tllsc]ucc'l' s_,l)aration distances; D, the gMAT

period; x), the I_oi._ison'_ _':_t.i(_',tn(t 1), tile, ptllsc, width at the beginning of

propagation.

Figures 4--.7 are sin_ul:_Ii(_s ol/li_ , _'(,l:ttive error when one Lracks the

zero- crossing initially ha\'i_,, z(,_'(_(..×c,,>,_plv,tsc, 0=o_ot-kx+Arg(t,x)=0 in gq_

(4a))atx=0. This cycle isi_iti:_llv_tt _t_, c.c,i_t(,l'ot' the packet but moves

towards the leading edge a:', I1_, pulse l)r(_l)n_.,:tles since Vg is less than Vp tbr

the S Omode. In (a) oi' l,_i_s..1.-7, _(,l:tli\'(: c,l'_'(_'s :,r'e plotted vs. thickness b of'

the plate. In (b_ o[' Pi_s..1--7, i(,l'tli,,'_, :_ll_l:_litucIc,s cAg-Am)/Ag of the envelope

magnitude aL the tin_(, (ltl)_(, I_,:_stl_(,(i /(',l'(_-c'l'()ssing are plotted. Thus Am is
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the magni'tude (usually in volts)_lt' tile si_'ll:ll oilvelope at the measured zero-

crossing time, and Ag is the _l_a/4nilt_cle o[' the illaxiinunl signal (peak

voltage) or envelopemagnittldotLt i,llolim_,uf"t=x/Vg, Keep irL rninct that the

relative amplitude plots give :li1 ill(lic._ltioll l'ogarding whether the zero-

crossing is in the pulse envel(_pe,

In practice, the selected zel'o, dro:_sii_,_' is l,l_e one which stays near the

envelope peak ,over the l)l'ol)t_'rtti()ri distances utilized, This may not be the

cycle with zero excess phasent the be;4inningofpl'opagation, This difference

will be discussed more t't.lll\' in tile, Ilext section, Iri experiments, when (Ag-

Am)/Ag exceeds 0,3, tl_e lilc,:lstll'c,(1 tilllc, cit,Irl3' is usually not reliable because

of poor signal to noise l'atio,,

Table I shows the /ixed _tnd viii'it, el pal'ttmetors which are tised in Figs,

4-7, The fixed values selected hol'e fbl'sinlulalion are based on ihe set-up at

our laboratory, Figure 8 is ti I..ypic:ttlexpel'i_l_entally obtained wave tbrm of the

Somode fbr a s,_paration of' 951)mm between transmitting and receiving

EMATs, Figure 9 is the sir_ulg.ttod wave f'ol'tn using the fixed parameters as

those of Figs, 4 and a separ_tti()rl of' ')5() nlln. lt is clear that, ttne shapes of'

Figs. 8 and 9 are relnarl<ably sil_il_tr, indic_lting that ttne performance of the

simulations is reliable,

From Figs, 4, one sec,s tll_t the el'_'_)l'is gonerally less than lx l0 a for b <

2 mm, For thicker plates, the (li.,'l)ol'si(_ll c,t'Jbcts become stronger and the

errors increase rapidly t_f'tel'tl II,._Ll'(,gion. As tile separation of' transducers

becomes lalgEr, the flat l'c,gic_ll (_l'slll_lll (.,ll'()l'becolnes shorter, Notice that,

however, when the el'ror' bc,._'ins to i_c:l'(,:,_ao i"</pidly, the corl'esponding zero-

crossing also beginst0 inove(_cil _Jf'tl_e ptlls_.,oltvelope, From Figs. 5, one sees

how pulse width influences tilt., _'ol_tt,ive cl'l'(_l'. The nar'rower the pulse

width, the smaller the plato t l_icl<ness lllust be to avoid introduction of large

error in the measuremenL l)l'ocos._, b'ilgttl'c,s (_ display the effects of.Poisson's

ratio on the measurernc, nt el'l'_li', lt is._c,c,n tt_al.l_oisson's ratio hasavery

limited influence on the c,_'_')_' ctl_'\'c,s, c,\'on tla{)tlt_,,tnthe range of t)oisson's
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ratio in the fSgures covel,s a widd l'tt1_gu !>l'etlMineoringmaterials, Figures7

show the efTec,t,s of' arluttlu_' l)tLl':l,l_.'t_:'l'I), tile I';MAT's period on the

measui'ement error, It. is clc,t_t_nstr_tud t.l_at tl_e period of' EMATs (hence the

central wave nLlmber k o) htls at vury i_111)ultnIl(, role in the pulse distortion.

This of course can be interp_'c, tod ['_'oln tile So dispersion curve, Per small kob

or b/D, the dispersion is nec so,yore. As I<ubincreases (due t,) decrease in D),

the dispersion becomes st,roll_,', t,l_LtS ntl'octucing more error,
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IZEI_A'I'IVI_; VI_;I,()(.:I'I'Y M I,;,*\SUI_,EMEN_I'S

"i'here are bttsic_lly' two vc,Ic_cit\' _ilc.,ttstt_'c,_llc_nLprocedures which are

used in texture characteriztxtion' absol'tzte _lllcl relative velocity

measurements [121, In t,he absolut, c, vc,locit.v rlleasurement, the separation

distance between the tr_tnsmitting ttnct receiving transducers is varied,

typically over a distance ot'10 crn, 'Phe t.inae al'rival of' a selected zero-crossing

is recorded, usually thl'ou.e,'h :t cc_u_atc,l', as a ['ttnctiort of' separation distance,

The absolute velocity is ttlc,n compttted, t la_'otlgh linear regression, as the

slope of' the distance-time, ._'el_ttion, I__ tt_c, l'elat.ix, e velocity measurement, the

transmitter and recei,,'er a_'e held npnl't by a rig'id fi'arne; the change in time

of a specific zero-crossing is l'ecol"ctc_,d_s n I'ullction of' propagation direction,

The relative velocity o_' .\\z/{f ix tl_et_ ¢tetel'_inc, d ft'ore Attic, with i.being the

average arrival time of' t.llc, zc,l'c_-cl'_ssi_' '_l_d £;' t l_e average wave speed, I;'or

plates of cubic polvcl x. t,_llitc,s \\'l_t_, _:,._, .Io' ,,,s; , , W :t_d \V,I are dimensionless texture

parameters which can be (.I_."t('l'lllill(.'(I ttltl'_sonicnlly 11, 2]. These three

parameters are called o_'ientatli_ dist_'ibtttion coe['ficient, s (ODCs) whose

definition and physical meaning.q cal_ be fbund in Ref's, 10-12, Generally

speaking, W4,2oand W,.t.loare _o._t. acctt_'at.ely determined through relative

measurement o[' t.he S o wave vc,locitie_ while \V,,oorequires absolute velocity

measurement 1721,_['l_e \':_lut, s of these ()l)('s a_'e typically in the orderot"10 ,

To obtain estimates of Ol)Cs will,in t(_lc,_"__cc,t_nct t,o be consistent with the

experiment accuracy, we cho(_sc, ta_'_¢.,t _,_'_'o,'bou_ds tbr the absol_:te and

relative velocity measure_nents (to be delin_,d sl_ortly) to be 2x10 :_ and lxl0 a

for plates of' thickness less t.ht_r__1_n_, A clet,t_ilc_cterror propagation study

can be fbund in i2l, Bl'le/lr t.l_v '2x1():_ :tb.,a(_lt.ltt_velocity measurement error

, ' , (..,u, andcontributes about, lxl(.) :_, 0.;_xl() _ _t__cl(),,_xl() :_ vt'ro_'s; in W4oo['or AI -_'

Pe textured pl_ltc,s. 'l'l_c, l x 1():_ c,_'_'{_'i_ _'(.,[zttix'(._velocit, y measurement leads t,o



errors of4xl0 4, lx10 "4, t_lcl lxl/) '1 in \V I:,uttlld (;xl0 't, 1.5x10 '4, and 1,5xlO 4 in

W44 0 for Al, Cu, and Fe ,,lttt_,,'ittls ,'_.,sl)¢,ctivel\,. 'l'}lese errors are compatible

to or less than the ovc,,;all t,c'c'tt,':tc'x' _,l'tl_c, t,lt,'ttmoilic technique as inI'erred

from comparisoE_s to ,_c,utro_-, _r X-_'a\' d il'i'l'actio_ measurements.

To ascertain how nlucl_ t,l'_'¢Jl'is il_tl'{_clucc_dii' the velocity is determined

by the slope o[' the time-ciist, ance l)lut, li_l' ze_'o-crossings, we plotted the

absolute velocity measure_l_eI_t e!'l'or (\lr-\zl))/\ll)\'S. thickness in Fig, 10(a),

where Vr is the velocity obtaillecl tll_'ougl_ linear regression of time delay and

, , i' locitv istransducer separation dist_tnce, l,t,ch v_, computed ft'ore simulated

wave forms ateleve11 septt_'ati_sI20()-:_0()n_min steps of' 10 mm). In Fig,

10(b), the average relative _tIl_l)litucle, wllic'l_ is definect as the mean of relative

amplitudes at the eleven sepal",,li(_s, _l'c, 'ttlso included. The parameters

used here are D=10:0 n_m, _=(.).3::15, and l"_=_'a0.(/,mm. There are ten curves in

Figs. 10, correspondingto tl'acking tl_(., tithes of ten zero-crossings, The ten

zero-crossings have p}_asc_(.b=2nrr In=()-9_ ttf ×=0 and t=0. As mentioned

before, the zero-cl'ossin_' s(.,It,ctc,_l t'(_' li_l_<.,_ne'_sul'ement, which is usually

the one that stays nearest t_) tll(:, vnx't,lol)¢, l_¢'_tl<over the selected range of

propagation (.tistttncc, s, does I_c_t_t,cv._s:tl'il.v I_ttx'e zero initial phase (_=0), It'

one uses the average re!_l.i\,c, :_l_l)littldc' :_.__ discriminant, one can see that

for plates of thickness less t.hatn 1,5 _, I.l_e zero-crossir_g with zero initial

phase (n=O)is most likely to be ,s_.,lec'ted f'o_'the time measurement; for plates

of thickness b=1,5--,2,0 mm, ll_e zel'o-crossing wittn phase _=2_ (n=l) is most

likely to be selected, etc,

To illustrate how ,nucl_ _,_','_,' is p,'oduced when the zero-crossing is

selected in accordance wit.l_ II,c, t_l_x,t.,c'rit¢,_'i:_,we plotted only the parts of

Figs. 10 that would have l_eel_ s_ll.,c'tc,d i_ leig._. 11 with different vertical

scales. Figure 11la) shows o_lly tl_(., e_','or curve tbr the zero-crossings with

minimum average relative _t_,nl)litt.l_le._wl_ich is plotted in Fig. ll(b), lt can

be readily seen ii'ore Fig. 1 litr)t.l_ttt t l_e v_,locity error is generally bounded

within + 2.0x1() :_, the accc, i:)l.ttl)le (.,l'l'or [i_' th(, absolute velocity, measurement.
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Note the error fluctuates w}lc,l_ lllic'l_nc._s g(_(_sover 2 mm, which iridicat, es

that the exact error [llay be dif'f]cult t(J l)l'odic't fbr t,hicker plates, '['hese

fluctuations occur when tilt (Jptillltlel_ x'_illttec_{'i_ changes.

Now consicler the t,l'l'ol' f'l'(JIi_tlao tel:ltir(, vc,locit,y measurement, Due to

the presence of textu_'e, wl/icll i_tl'octucc,: wot_k al_isot, ropy in plates, the

dispersion characteristics (_t'ttio St)w_/vc, s i)l'ol)tlgat, ing' at ditti?rent directions

with respect, to the rolling' clil'c,cti_>.i_:_1'o:liglatly dif'I'orent, Here the change in

dispersion characteristics is _n()dolod by the cllange of I_oisson's ratio in Ii;q,

(5) ibr the purpose of sirllpliciiy. 'l'lais Iil()doliilM' is just ifSable from the results

in Part I oi'this paper [(;1. l:il4tll'(' 12('1)._h()ws tile rolat, ive velocity

measurement error plot.ted atar_iilst plate thickness, where the relative

velocity Ineasuremont ol'l'of is d(,15i_od :is (I,,_l-tn_o)/tm-(tnl-tl)o)/t p, which is zero

for the zero t,hiel¢ness plato. '1't_o p:_'t_c, tc_'s used in the simulatiori are D=10

mm, B=20 mm, x=,']00 n_in, t_,=(),;l.15, a,_d t_l=().:_>()0.The two Poisson's ratios

are chosen to represent fiii I'l,: st i'(_I_gtc,×i tire (com'espondi.ng to AVp/V n of (),0:_1

at long wave longrh li_nit, I. 1--1o_'ot,,,i , t,,,_, t,,, , t.pl, tj,(), and t n are,

respectively, the measul'od tii_o f'o_'t)l, i l_(, lnct_sured time Ibr u0, the average

oft,n l and trno , the t,it_e f'l'oi_ 11_(,li'tic, l)l_:.lsc' vol()city fbi' tj i, the time ft'ore the

true phase velocity fbi' t)(i 'ii_(t tile, :l\'Ol",l<"O ()['t. and t Pigure 12(b) gives. , < ,_ )_1 pO '

the associated _.l\'ol'ag'o i'ol_llivc_ '<lllll)littl(lc,, lloing iilo n'lol.ill 0[' the relative

amplitudes fbr t.he two (lif'fbl'c,llt l>oiss(in's i'_ltios. 'Phe ten curves in Figs. 12,

as those in Pigs, 10, l'el;)i'esoill, ll_o oi'l'()i's li)i' lhc ton zero-crossings having

initial phase _b=2n_ (n=0"-9) at x=() _lnd t=().

Again, similar to the ol'l'of _l_ll,.,si., fbi' tile absolute velocity

measurement in l,'igs. 11, the p_'t_ of l:igs. 12 t,hai, correspond Lominimum

average relative amplitu(to al'o 1)l()itod i_ l:ig,_. 1:_. l'_igure 1;7(a) clearly shows

that the errors fbi' the l'elcitiv(:, vc,lo('ilv ll_(,_/stll'oillent are very small arid well

within the _+Ix10 :j IJotirlcl,
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A model fbr pulse prop_L_'tltiull izl n dispc't'si\'e media has been ugilized

to study tile ef'f'ecl,s oi'pulse di._tol'ti¢._t_tltlcl l)lltlse shif'tl oz_ tile l.)htlse velocit,y as

determined by the zel'o-cl,t_ssiIit,' Iile,"lstll't, ll_ellt, tec'hr_ique, Assunlpt, iorls

employed in the velocity (.:(;1111tlt,ttions inc. ) ' Itltlc, tt Claussiarl Sl)_t,ial envelope

and an analytic apl)l'oxiln_tti/;,1 to tile, ,_._i_lc_cIc,dispel'sion curve with a Taylor

series expansion about tl_eopul':itill_'l)_ii_l, Sii_lulations have been made on

the pulse distortion and l)ll_tsc, sllil't ef'lbcts :t.,-;t.hey would occtlr in a typical

system fbr monitorir_g _l_t,tnl luxtttl'u :.t_l(] tl_c, co_lsc,cltlent errors in velocit, y

measurements have beel_ _s.qt,ss_,vl, lt, is ti)ul_(I float the iniluence of

dispersion on the zel'o-cl'c_ssi_ IIlc':lstll'c'_le_lt lecllniqtte does not induce

severe discrep_.tl_cy il_ eitl_,l' :tl_s_ltlte _11'_'t,lz_tive I__e_tstlrernents o[' t,he velocity

of the So mode tbr tl_e st, l_:,ct(.,_.lc(_I_[i,, '",..,tll'_tit_n when t,he plate thickness _s less

than 4 mm; tint.is, t.r_cl<iI_g zt, ro-cl'(_ssil_gs is .itld/ed t,o be an approp,-ial;e

experin_ental techt_.ique, tqoweve,', [b_' _ dift'el'ont experimental

configuration such ns wl_e_ l,;:\i A'l's wit t_ a ,gloom'torperiod are used, this

conclusion may not be vzlli¢l,
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(a)

(b)

Fig, 2, Experimental waveforms (a) x=150 mm, (b) ×=250 mm
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'l'he u,,.eof ult,l'nsc)t_i(.,','(.,t()(.'it,_,'tilu_lst_l'(.,til(.,tlts 1()d(.,LuPzllin(.,l,hu t,u×t,tlvu

(pv(._f'(:,z'z'odt.4'z'_lil'l()_'i(:,nt_lti()llI ()[' Jll(.,t:_l l)ll_l(,,_ Ii_LsI_.,(,l_t]l(.' _t.lb,j(.,(.',t,ul'

(.',onslclcrnblo)'c,(,(,z_t,iIltt,l'(.,_t, 'I'll(_,Ii)tl)l(I:lti()ll Ii)l' tll(:,se pl'()eudtll'(_,s lius in t,he

In Lho not,nt,ior_ u(' l,_uu[I, 2], tl_., uxl):_lsi()_ ()l' the (I',()I)E I,nk,vs t,hu ['or_n

,") / /

where O,O,al_d _1/ _l'u li]tllul' :_1_,,,1<,_(l_,su_'il)i,_,,',,.,tile ol'ienI,_Lio_ of n l.,_nvt,iuul_r

' r,-:e , 7,/ _'e tt_ecryst,nllite ,,vit,l'_eeSl._(.,(.,tIu (]1(, _:_llll'_l(.,,_xus, _ us (:) tl_(> m,_

coc,f'fi(.:ients (()l)('.'s), A ,'4Jlllil;kl' I'(,l:_li_)ll li:is [)c,Ul_clevelop(>d by l]tln_e [I]],

t._sin/_ t,lle exp_i_siu_] ¢.:()_,l'l]uit.,i_t(', , I'()_()_,,'I_.,(I,,,,,.,,.()f'(,,'_tl_t.,rsur, of ()l)(!'s f'tllly

, p(,(,l/ies t.h(.,('.()l)l;' _,_(I ii(,)l(.'_,tll_, t(.'xltll'(,

L.JIt,ras())_ic I_(.,,_st_)'(,lll(.,llt:.;()1'I(,xt _1'(.,:_l'u t)(_sud()1_t[lu li._ct,t,ht)t,

l:))'ul'err(_,(Jy,'l'_i)+_()l'i_,)_l:_li()i),<l))'()(lt_'_, :_il :_ilis()ti'()l)',,, i_+_tl_(.:'ttltrn,.,())tic,' _,,,,+.tvu

' l)(., s t.o t,hespe(.,d, 'l'he()r(,ti(:_l I_l()([(,I,,.:Ii _,,,(,I)_,(,11(1(-",'('1()1)('(Ii'(,]_lirlg l.l_u () ....".

z_nt.ot)(.)pie (.,l_sli(' (.'()llsl;llll:<, ('_!, :lll(I _lli))_'_t_.,lx't()_,,'_vc'speuds, l))ec.nuset)t'

the l'ot_rt.]_l"n)ik Ii_tu_'(, ()I'll_(, (,l',_-',tJ(+'(.'()li..<I:|lllS,()II],V tilt! ()I)(..','S ol'oed(.;r I _:_,i

it_llt.te)tt,,e t.h(.;s(>v,'_,,'(, ..',l,(,(,(l.<,I"())' t l_., _",_,,<(.,(.)f'uubie e)'yst,_tllit,(,s, t;l_uor_ly

nortv_:trtislting, it_deF)ur_cl(.,)-_tu()t,l'licit.,,it s t_)'(.,\V i()(), \V,It_onr_d\'V,I,10'

()rio o(' the I__(+s(l.>)'()));i:.<it_).,,.-<++,I_(,))_(.,_<I_)_')__(.,tt,,.:,t.tr(.,ntertt,of' the ()I)C','s lttts

bo(>n b+tsed on l'rt(>Itsttl'(..,I_l(,)_ts()I' t l_(' v(,It)¢'it i(:,s ()I'_+t.tided ntodes propt:ty,'t:tt,irt/4' it_

t,h_ pluno of' thu plnte, _s sl_t>w)_,_,(.'l_(,)_l:lti_'_ll\,il_ l,'igl._ee t, In t_ pvon_ising

eonf:igt._re_t,ion, t_:.:(.,is ))l:_(l(,()1'til(, :_)_!..:tll:_'vz_l'il_ti()n ()f'the v(:l()eit,ies ()1't.l_eSH()

__nd So n_od(>s [,1]. l"il.,,tll'(,'2 I))'(,s(,llt..<til(, ([i_l)(.,l'_',i()n('.ul,ves _tl_([(.luf'orn_t,i(.)__

profiles of t,h(.:s(.,in()(:l(.,s[h), _tll is()ll'()l>i(.'l)l_lt(,, lt should be )_ot,(_dt,h_.tt,t,he lo_g
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wavelengthlimitoftheSomode velocityisrequired,whichrigorouslyt_ntuils

correctionff_rdispersion,However thesecorrectionsaresmnllas Iot,gas tile

wavelength is large with rcspect to the plate 'l,hickness, By measuring the

velocities ab 0°, 45 ° and 90° with respect to the rolling direction, it has been

shown that ali three ODC's can be deduced ft'ore So mode data, while W,too

and W,t4ocan be deduced t'r{}n_SH o m{}dedata [4, 5], For either mt}dc, relative

measurements of t.he angular dependence oi' velocities can be used t,o predict

W42oand W4,1o, However absolute velocity measurements are required to

predict W40o, This fundamental consequence of the fact that tlm basis

function having t,l_ecoefficient W,toovaries {}nlywith the polar angle 0, as Call

be seen from _:q, (1), When the polar axis is chosen normal to the plato, this

contribution is independent oi' rotati{}ns of crystallites in the plane of the

plate, Consequently, no informt.ttion regarding W,looean t}e obtained ft'ore

angula," variations o['a particular mode velocity in the plane of tlm platte, 'l"he

fbrmulae ibr predicting W,toofollow [4]:

W,100 = _'[pV_Ih)(0 °) + pV_lh,(45 °) ,)r-_o, (2)
161¢aC. - . - a v.,,14j

W4oo= ...............................:X._a......................................{pV,_,,((}"}+ 2pV_,,(45'"1
32_[3+8(c_,jct'1 )+8(c'fe/c1'1)e]C'"
+ t)V,_.{90°)-, . 4C'_t[ 1-(cl',./c/'_)1":}, (3_

tqere, C'_t v.,t2 and _'_', , t.,44 are tnoduli oi'an isotrol_ic polyerysl.allite, is _l

measure of the elastic anisotropy, p is the density, and the phase velocities

are shown as a reaction of angle with respect to the rolling direction,

Comparison of ODC's obtained by ultrasonics to those obtained by X-ray and

neutron diffraction have shown good agreement for the eases of W.tuoand

W,i,to,as illustrated in Fig, 3a [5, 6], Note that scatter ofW w_llues is on the

order of l0 a , However, similar comparisons fbr W,ioohave strewn a much

more erratic behavior (Pig. 3b), It has been fourld that fi_r bet,li steel and

coppcl the agreement between ultrasonic measurements are excellent ibr

the Somode with the SH o mocie valued being consistently lower, However, for

the aluminum samples, there are serious difl'eIcnccs"_', between the ultrasonic



and diffraction predictions of \VI,)o, 'l'lao t'c_cCthnt the range o[' the abscissa

and ordinate is an order of' mngnitucle g_'c,ater than that in Fig. 3a makes this

disagreement even .more severe. Althougl_ not ['ully understood, this greater

apparent diiFiculty in predicting \V.iooin :lluminum may arise fl-om the small

value of the elastic anisotl'oi)y; C:, wtlict_ _:il<es the predictions particularly

sensitive to errors. Sources oi' these e_'i'ors Inny include the greater difficulty

of absolute (as compared to relative)vc, locit,y _l:easurements, possible errors

in estimates of the isotropic polycrystal moduli (including alloying and

second phase effects), and the need for di._persion Correction for the So mode

which becomes more severe :is l)l_tte tllicl<laess increases [6],
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Ideally, one would like to i,_I'c,l' X'Vjoo fP_}m relntive measureInents.

However, as noted above, mensuPen_cnts; of the variation of'velocities in the

plane of the plate cnn not. t)e used t(}deteJ'_llille XV,too, which is the coefficient

of'abasis function whict_ oIllv vnl'ies with l){.)lar angle. One must then seek a

different experimental conligul'tlt, ioll i,1 whict_ tt wave parameter is varied in

a cross-section of' the plate. This cttn be, accomplished by taking advantage of'

the properties of higher ol'der l,alnb,nodes. Since these can be viewed as the

superposition of'part!al waves _'ellec'.ing t)et,wee1_ the plat, e surfaces [7, 8], and

since the angle of these pt_'tittl _v:_'{:,:_wi{ll Pespect to the normal depends

uPon the point of'c}pel'ati{}_ {}tl {l_e _li._l:)e_'sio_ curves, mea,_urement of various

features of' the dispel'sion c_.n 1}{,tls_,d {o .sttld3' the nngular dependence of'

wave velocities in thecro,_s-secti_)l_ {)t'{he pl:tte. One such scheme based on

the dispersion of'SH nl{)des t]:/s l)c,{:r_,clel]lonstrated by Smitl_ et al. [9] and

Armstrongetal.[10]. Howeve_.,th:_t technique generally depends ona

precise knowledge of' tl_-, pl_tie tl_icl<ness. Although such knowledge is easily

obtained in the laboratoPy, it mav _]{)tbe _s accessible in productiol,

environments. Hence, alte}'n:_le p_'{}ceclu_'es are needed.

One technique which _tl,;pe_./l'sp:_Pticula_'ly attractive makes use of' the

properties of'guided l,nm0 m{_d_,s, ol)eP_tti_,T nt the point at which the

isotropic So mocte and SH 1 _n{}de {lisper.sion curves are tangential, as shown =

in Rig. 2. Both modes consist {}f'sl_c,ar w_ves propagating at 45 ° with respect

to the plate normal. Howe\'v_', {l_e 10.,tl'ti_t],,vn\'es in the SH_ mode are

polarized parallel to the pl_n,:, of tl_{,pl',_t,e, while those in the So mode are

polarized in the sag-ittal pla_{,. }_uc'_ttlSO ()(' l]lis D0 o polarization rotation, one

would expect theirrelati\'e\,el(}citi{:,sto(lependon \¥,,oo. teurthermore, since

the partial waves propagate t l_'ot_g,,l_tl_e s:tnle patln at the same angle, one

would expect measurement {)t'tt_.,i_' _'c,l_t.ivo velocities to be insensitive l,o



small uncertnint, ies ira the I_l:lte I_ic'l,:_c,,_._.'l'llus x,,'e expect the presence of

W4oo to split the tan_ency oi' tt_e St-t I _ll_tlS_ lllOdes _lt the I_:-_m6point,

producing either a mode crossinK ur:_ zn_)de S_l)t._rntion depending on sign.
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In order to evaluat.e thi_ eXpeL:t,alion, an exact theory has been used to

calculate the dispersion cul'ves of l,alnb waves in nn anlsotr0pic plate [11.],

Fig. 4 presents clispersion curves t'{)Pw_vc, s pl'opagating along the rolling

direction of a plate. In eat'li case, (}lie ()l' the ot)c's (W4oo, W4,.}oor W44_ has

been varied beLween +0.005 wi'th tllc, otlle2' two }lelcl constant at 0,001, and the

Hill averaging scheme was elnpl¢)ved. As ex,)ected, introduction of texture

causes the tangency to be bJ'ol<c,r_,,,vittl eitlle_' rl_octe splitting or crossing

occurringdepending on the sin's1 of NV. 'l'lle coef'Iicients W400and W440are

seen to have an influence ot c{}nlp:tl:tbl6 m_tgnit.ude, somewhat greater than

that, of W42o.
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INVb;I(SI()N

Having established til_o sola,_itivity of' tlli.<;special feature of'the

dispersion curves, it is necess:Lry t{)seek an inversion algorithm that will

allow the three OI)C's to be separately dete_',nined t'rorn experimental _lata.

Fig. 5 presents tile strategy, l_et (¢,}_},I¢{_)defST_etile point of' Lain6. mode

propagation in the isotropic n_ecliuIl_, XVl_en hi,isotropy is introduced, the

dispersion curves will be shifted, l)oli_lo

Ak - AkSltl - ,';\kS'{} (3)

to be the relative shift, inwave, vuctor til the f'l'e{luency {off From perturbation

theory, one can compute :kk(0), X,\:t_e_'{,(}is tt_e angle of'propagation with

respect to the Polling directiol_, l_;xl)licitly examining the results at 0=0 °, 45 °

and 90 ° , one obtains a set ofli_ear equat, ions in Ciae ODC's which can be

solved with the result,

W4oo= 7V2 C{:I.._[.:Xk(0,:,)+,.Xl<{C)0,.,}+Al_{45,.-,)] (4a)
40 -'):_<"11.- t.., I( 0

W42o = _.,__!_e_._:::t,!_[,xk{9{.}:'_---.Xk{{}}_ (4b)
8 _2C"ko

W44o = 24-2,T._T,,'v" _.4..t[,Xk({},..}...... +/Xk{,_}()':') - 2,\k(,'.l5_') 4c)x't.., 1( 0

where C._4 is the shear i]_(}dtlli.is,

The stability of this in\,{,_'sit}la sclao.ll/c' hns been nuInerically evaluated

by using the exact t.heol'v t{}{,:llctll_to \k _li_d cleon inverting to obtain the

ODC'sbyEqs,{4}. T{}tesl_tl_{_sul_sitivityt{)._]_all tluctuationsinmoduli,

Hill's averaging procedtlPe w:_._ tis{,{] t{}c{}l]_l)tlte the isotropic moduli in tt_e

exact calculation of' dispersi{}n :ln{.t tl_{:,\:{}igt, ltill and Reuss procedures

were each used in the data invol'sion, 'I'l_e _at, erial was assumed to be

polycrystalline copper, l_aving XVt{}{_XVi,p,c_W,.it:1x 108. Table I presents the

results of the inver_i{)n.
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Previously proposed t,ecllnicitles li:lye sllown the ability t,o determine

W4_oand W,_,tofrom t,tie azlg'tLl_ll' (I(_,l)._.,n(tei_cc,of the velocities of'SH o and S o

guided elastic modes of'plates, 'I'hose l)l'ocedures require absolute velocities

for the predict;ion of W_loo, and ctit't_cultic, s I_ax'e been encountered under

conditions of weak anisotropy (alull_inLtn_)of thick plates, An improved

technique has been proposed based ¢)i_thL_ texture induced splitting of the

tangency of the So and SH 1 I,:/1116 I_/()clc_s. NL{nlerical calculations and

perturbation Lheory Ilave bcc,n us(,d to ,,'el'if'v ttle p_'ocedure, Experimental

evaluations are in pr_)gl'e.,_._,t_tilixi_)!4 I,',YIA'I's to excite these special modes

[12],



1!/'2

A(II;;N() \VI,lq 13(.I1,_,,%11;;N'P

Ames Laboratol'y is opel':_tecl lin' tlw U, S, l)c__partment oi' I!;nergy by

i" '2, 'Iowa State University U11(:tc'l'co,lt,'atct. No, \V-7.1()05-I,ng-8 This work was

supported by the l)irect, or t'o1'1'21_{'1',.4'.s,l_.eseat'c'l_, ()t'tice of' Basic Ignergy

Sciences,



133

•" _ _"_ _ (),lT'

-'1 l

1, R,-J, Roe, "Descril)tioll oi' (, l',,sittllit, o ()l'ientatiorl in Polycx,',ysgalline
Materials, [II, General _olutioI_ to l_olc Figure Inversion, ,._J,Ag.gJ_l

36 (1965): 2024-31,

2, R, -3, Roe, "Inversion of Pole IVigures fbr Materials Having Cubic
lt , ! i ( 1 .Crystal Symmetry, J, Appl Phys, 37 (1,366) 2069-72,

3. H,J, Bunge. Texture Ana!y.sisin Materials Science, London'
Butterworths, 1982,

4, lR,,B, Thompson, S. S, l,ee, :lrld J, F, Slnith, "Relative Anisotropies of
Plane Waves and (]uided 5IOcle:_in Thin ()l'thorhombic Plates:
Implication for Te×ture (',l_:l_",lctel'iz:_tion." U_jtrasonics 25 (1987): 133-
37,

5, R. B, Thompson, J, F. Smith, and Y, l,i, "Ultrasonic Measurementof'
Rolling Texture in Non-ferrous Plates." Presented at8th International
Conference on Texture of Mat, erials, Santa Pe, New Mexico, 1987.

6, R, B. Thompson, J. F, Stair, h, S. S, l,ee, and G. C. Johnson, "A
Comparison of' Ultrasonic and X-i'ay Determinations of Texture in Thin
Cu and Al Plates," Metnll 'l'_'_!_s_2()A (1989)' 2431-47,

7, R, D,,Mindlin, "Waves all(t \'ibl':_iiot_s in lsotropic, Elastic Plates,"
' ' h' ' 9,). 232Structural Mechanics. New ol'k l_e,',v'an_on, 1960, 1cc ' .

8, B.A. Auld. Acoustic l"ields and Waves in Solid_.Vol,II, NewYor'k:
Wiley, 1973,

9. J, F. Smith, G, A, Alers, P, E, Al'mstrong, and D,T. Eash. "Separation
and Characterization oi' Stress I,evels and Texture in Metal Sheet and
Plate: I. Principles and l_l'elinlinary Experiment," .d, Non_de_, Eval, 4
(1984): 157-163.

10. P, E. Armstrong, D, '1'. li]_lSll, ,3. A. ()'l{oul'l<e, and J. F. Smith.
"Separation and Chal'actc, l'izt,tioll of'Stl'oss I,evels and Texture in Metal
Sheet and Plate' II. I}ollecl ('( ' t" . ,, _pl)c,_Sllec, t li',xpel'imen d, Nondes Eval,
6 (1987): 33-45,

11, Y, Liand R, B, Thonlpson, "l_l.opagat.ion of Guided Ela. tlc Waves in
Orthotropic Plates," In Review oi' l_l'ogrc.:ss in Quantit_tiye
Nonde.structive Igvalt_ation,\,'ol, gA, Eds, D,O, Thompson and I), E,

(.--, , (- 'Chimenti, New York: l_lc,lnttn_ Press, 1JH9 183-96



1,c_l

12, R, B, Thompson t._nd C,,F', \ztl._ile ",'\l_ li]lnstie-w_lve l!]llipsomet, er f'nr
Me_lsurement oi' Mntet'inl l'l'(_l_uJ'iV,\"ll_'i:ltions," !\ppl, Phys,,I_et, t,, :_4

C e.(13 79): 12,q-30



195

Table [, 'Ikst of'invet'sion (. I0 :])
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\V4oo 1,1'2 1,02 0,91
W,t_o 1,,% 1,21 1,08
W44o 1,13 1,03 0,91
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Fig, 1, Angular variation o[' ultrasonic velocity
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The demand fbr nollclestl'uc'tivc, c'll:_vacto_'ization of' texture in

hexagonal close packed (hcp)inatel'ials llas been increasing rapidly in the

last fewyears. The texture o('polycl'ysttlllille materials is typically described

by coefficients, W/m n by Roe's notations, of'a l_armonic expansion of the

crystallite orientation distribution function (C,ODF). Recently, we described

ultrasonic techniques fbr tl_o (tet_,_'t_in:_tion ut' t,extu_"e in hcp metal sheets.

In principle five coef'Iicients li/tr.\' I)e infbl'_'c,(t ultl'asonically but techniques

conventionally appliect to cubic llantc,l'ials (to not yield all five in hcp

materials. 'Phis paper p_'esents experilllel/ial ,'esults in which higher order

modes are include ! to ctetert/linc, ali fix'e c:oef'ficients fi)r plates of zirconium

and titanium. Values of'\¥!,,,,_ clel,e_'nli_lecl by ultrasonics and neutron

diffraction will be compared _lnd el'l'ol's _lssociated with the ultrasonic

method will be discussed.
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The demand fbr non_lestl'tlctive cl_:_l'acterization of texture n

hexagonal close packed (l_cl); ll_:ttel'ials [_tts been increasing _'apidly in the

last few years, particularly it_ ael'ospace and nuclear industries Ibr quality

control purposes. Texture st,udy I_as t_'aditioncilly been done by X-ray or

neutron dif'fYaction techniques. 'l'hese dit'h'action techniques are generally

slow or destructive, l{ecc,_t ',td_;:_lcc.,s ir_ tlltl':lsonics have shown that texture

can also be detel'mined I_v [':isr _tlld llol/destl'tlctive ultrasonic techniques

[1;2,3]. An ultrasonic lexttl_'{, tllc,tlsttl'_,_lTt,_lt illstl'ulnent is currently being

built at Iowa State Uni\'vl'sit \' \vllic:l_ c':_Jlc_llculat,e texture parameters of

cubic polycrystallites in _ t'ew secc)_lds't41.

The texture o['a polvcl'vst:_llil_el material is generally described by a set

of orientation distribution coeI'licients (()l)Cs) or W/ mn in Roe's notation. The

detailed definitions of t.t_esv c_ei'licie_t.s can be f'ound in RelY. 5 and 6. In

principle, only \g/,_,_ t'o_'/ ul)to-1 c:t_ I_e infb_'Yed ultrasonically. For _

materials of' cubic polyc_'yst_llit__,s, t}iel'e a_'e only three nonzero and

independent coefficients: XX'l_,,,,\\".1'.!_, "_l_c] W.I.lO, For materials of hexagonal

polycrystallites, there are txx'r_(,×tl'_t i_{.lependent coetticients: W2ooand W2p.o.

Until recent, ly, n_ost of tl_e st.tt<ly i_ ultrasonic characterization of'

texture has been concentl'ate_l o_ l._lyc_'ystalsot'cubiccrystallites. In the

determination oi' textul'e in plates of ct_bic n_ate_'ials, long wave length limit

of So Lamb waves a_d SHe wt_,,'es :_1'_.,>,;___l_el'_llyused a_d the velocities are

measured fbr propagation {til't.,ctil_lls oi' ()", 45", :_nct 90'-' with respect to the

rolling direction 11,2,31. 'l't_,s_ c,_,_x,c,_tiol_:_ltechniques are sufficient and

have been proved to be successI'ul fbr cubic polycrystallites. Typically,

EMATs (electro-magnetic t_coustic tl'al_sducers)are used in texture study

because their couplant f'_'ee (}l)e_':ttion enhances the potential for industrial

applications,
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The key to tile extensio_l of i.hc, co_x'ontional techniques to texture

characterization in hexagonal ,l_atLrials is the relai;ions between the elastic

constants and the texture paralnetc, i's \VI ,nn' These relations have been

established andpublishod roce_ltlyin RoL7, ()nco we have the relations, the

following equations, doscribillg t.tle infbl'il_ation provided by the conventional

ultrasonic techniques, can be _l)talille(l'

,- 1115,.2 ? _ ' 511)- - .i.BW a(.)- "JNA:_\,V__,_-- , i)l\'<_ii,t()_)+ V._II,(--1 oct l/l)I li;r
i

_ ' )_1)3,,3) IW44° 16_'B

13+8( o o . )_' ..- 2C_dC_,)+S(c<,',/c<_>_II_\\,'_,,,,+ 2',,.'>11i-2(c:_'-,/c'_'_)IA_

(c_,oic.>_ I()5',,2 /_ ">
_ ,,..i 2/,_. i i )A 2 } \\,_,_u I _ I) [ \, ._(()Ii), + V_(!)()I))

/2
+ _\ _ (-:iSli) _ _l(C<i' r-,U"/--.,o- ,, • - '---12/t.ii)/l) (l.)

_¢-.,o /r-,O "_[/Xi i ' 22II 32r_2
+ i' )A IW - plVs,(9()")- )l

3',,'35 _ _ _ )l_) '
W440- 32g-'1_plV_"(()_)+ \,_,(u( -2\,'q,(:15_>)1

where A l, A,2, A:_, and I_ {ii'o c,l:lstic :lnisot.i'opv const.,:lnts and (_9.. ._.,jare isotropic

elastic constants of' the _lato_'i:_l:. 'I'1_o._ou¢)_stant.s are related t;o the elastic

constants of' single cryst_ls I7! t_acl riley are averaging method dependent,

The elastic constanl_s f'o_'\:(_i_t, tlill, _l_cl l_cuss averaging method and

material densities of'Ti and Z_' Iii'c, li._t.od in 'l"able I. Throughout this paper,

we will use the Hill averaging inel t_od, clnless otherwise specified.

In Eqs. (1), ()no sees clearly tl_at W?.ooand W.4ooare coupled in the first

and the third equations tii_ct \V i,e(>alad\'V,2,,t/<lrocoupled in the fourth equation,

These couplings al'e due t_ t.l_e i_(}nz<,i'otel'mS \Vtecjoand W2,_).ointhe hexagonal



class, W44o is still uncoupled, coI_l)u(tlbledil'ectlyt'romthesecondorttle til'Lh

equations,

Obviously, 'tlhe cot),,,enti_al tuchniques cannot solve for all five Ws.

New ultrasonic technicluC, s nec,d to be clove,loped. The one technique l_hat we

are going to discuss in this paper utilizes St-t t moctes. The dispersion

equations for SH t waves are:

Propagating at, 0 degrees' ("'.l1\\' = (_,_,K +Q._

Propagating' at 45 deg_'ees' ("i _\\' = ..I(('_ L-2CLe+Ca,2'IK+-1-(C,_,_+C55)_ (2)

Propagating at 90 de,,',',,,_,:',...... _tl"'\V --.--('_,_,K+C55

= / 2where K (-b-k is the sqttnl'e oi' clilnc,1_siol_less wave number with b being the

2hl')- i_ tt/e squal'e of'dimensionless frequency with
plate thickness,and \V=(-V_

vt=',/C_4/p being tl_e nol'naalization slleal' wave velocity.

Note that tall thvve c,quatiotls il_ Eqs. 12) are linear equations. The slopes

of the solutions (i,v 0 _'and ,q0" p_'Ol__tt_'t_tioraare identical, indicating a constant

separation dist._,nc:e betwt,c,_) tile twli ,-;()ltltions, tinct the intercept of 45"

propagation solution is c,×t_c'tlv la'_lt'w:lv I_c,twoen the other two, Using the

relations in Ret'. 7, Eqs. (2)ct_l t_c,eXl)l'e_sc'd in terms of OI)Cs.

There are two me;_: t_rc,_c,t_t _c, tlaods that are used in our texture

study' zero-crossing _nethoct t'o_'cletern_ining please velocity and Fourier-

phase method fbr obtaini_g w_vc, v_.,ctol's. Each method can be further

subdivided into two met_sul'c,_c,_t schelnc, s' absolute and relative

nleasurenlents,

In the zero-c_'ossing :_l)soltttc, \'c,l(_c'ity nae_t._urement, one changes the

transducer separation (tistailcu ii_d I_,e_.'l)s tr_c'k o[' the time delays of a

specific zero crossing witl_il_ li)c, ,,v:tveli)_'_. In the zero-crossing relative

measurement, one fixes tr_tnsducc, r SC,l)nration distance but changes the

wave propagation directiola _1_1_1I<c,¢.,10st_':_c'l<of the time delays era specific

zero crossing within t.llt, \vil\,t,['t)l'lll. 'l'l_c, plaasc, velocity is associated with the

shifts of the _t_'l'iv:tl titlic, ,,villi :_l_lt, t)r _lisl:_c'c:,



In the Fourier-phnsc, _lbs_)ltltc, nlo_._uron_c, nt, ono tnkes waveforms ht,

two different trnnscttlc'or sc, i)_lt'_tiow_clisl'ancc,',s nilct uses l_he deeonvolution

i_echnique to obtain t.lle wnvu llLiiiil_el'iill_l'_ll_ltion, In t,he I_'ourier-phnse

relative measureillent, olle t_ll<os w_lvoli_l'llls :lC dif'tbrent, propngntion

directions [bi" n fixed trttzlsduc'c,l' .._ol)nl':ltioi1 distance nnd uses the

deconvolution t,echniqtle to oblnin the i,lii)l'Illtltion on the change of wave

numbers,

When using the zel'o-cl'ossillg inethod, one generally measures l.he

propagation velocity oI'n n_)l_lisl)t,l'.qivo _)1'weakly dispersive wave, When

using the t_oul'iel'-pl_nso Illuil_l, _,_l_c,c,:tn i_etl.:ul'e cit;her the propagal_ion

velocity or the wave I_til_ll_c,l'_1'tl w:lvt:, wt_icl_ c:nn be either nondispersive or

strongly dispersive, In I'enl tll)plictll.iol_s, the l,_ourier-phase reel;hod is

favorable because it, can be easily t,utoin_locl,

We used l;wo samples life,til'study, The l_rstoneisa 1,86 mm thick

titanium sample and the socon(t u,_e is :_ t),89 111111t,hick zirconium plate,

Both samples wel'o ptll'cl_t_sc,d :tl ',l I_c'_tl v_:,rlclo_', 'Phese samples are of

commercial purit, v tlltl_>ilvl_ lt is tilit, lt,_li' i[' sc,c,ol_cl l)la_ise exisl, s iri either (ii'

these samples, \Vo did ril:ll ice, s(>i_ll,'<tl:)l:>',li'ei_ttl_ickness vl;irintions wit, bin the

zirconium S_/mple.
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Five s,_¢,_,_,..,,,oi' hour,rort pr)lt, Ii,,ttt'us,.,Ilav_, l_uen obtainect for the Ti and tilt; Zt'

samples, Wlmt_ fbr/up Lo l()llztvol_ec, tlc(Itlll)tttedhasedon these pole

figures, The (1()1())and (()t){):2)l)l_lo Ii_'tll'c,s _tl'o _t_()wn in Figs, 1 and '2 and the

W/mn f'orl til, to 4 fbr t.lle tw(i sai_lples _t'e ,,"v '" h'_ , ',_Ielain tntlc, ii I'heervorsin

Table II covreSl)otld t.o the I_/:',t twtl (livits (_('\\'/,,,,_,

The measured Ltlt.l'ttsc_t_ic(t:_t:t llnl' tllu two st_mples are given in 'I'nble

III and Table IV, In t,l_est, I:t})l(,s, till, x(.,l'(}-('l'(}ssing' nlensurements nrc a

combination of'ahs(_lute I]/t,ilS/.ll't,ll/t,llt.,2,',li ()" ;li'ld _'olnt.ive n_oasurotnent, s nt

other angles. The i'elativc, tllt':.tstll'Clll('lllS iii tllc'Se tables hre given with

respect, to the rollingclit'ectit_ll(()"l. I",:lc,l/ ulltl'y in these two fables is the mean

value averaged f'l'oIn thl'(.,t, ropt, t iti(_w_s(_l'illciL,l.)oltde.nt, measuremer_ts, For

S and SH modes.the Ti sample, l_aenstll't,t_e_ts wt,_'t, II_:_le ttSillM' S01im, ,_H() 1

The values fbr the Solt,,, :,1_(ISI I,, I,,_tl¢,._ :tl'(, velocities ttnd the values fi)r the

SH1. modes nrc v,,nvo ntlllll)ol's, kVi, ,,v_,l'(,I_(,t ._tlccessf'ul in obtnining usef'ul

SFt 1 wavef'orn_s lbl' tlao ZI' I)l'tt¢' I_t,l_c't,tl_(., ,,'_luc,s in Table IV are ali velociCies,

'T'he errors tbr the t_t_s()ltltt, v(,l(_cit\' I__t,:tsttl'c,___t,I_tsttro about, J.:0,0()5 n_rn/rns

, 'l'l_t, (.,l'r_rs Ibr t,he relativefbr SOlim l:lIld +0 ()O;:l IllIII/tlls [i)l' Sl{t_.

llaeLlSkll'eIlqellt,,q /11'o tl})()l.l{ _lll (}l'(.](.'l' ()[' lll,lf,ll'_' itri(le Slllli. Ilor, The llle}.lStll'elllt2IIL

errors fbr the clim(,nsioI'tlv,,:._ ,,v.,tv¢,tlttl_l_t,l's :_l't, :\bout. _:0,003 in Table Iii,

Theorc, tic_llv, wilt, ta liar, I)l:ttt, is (_tll_t t'¢ll)ic, the velocities or w_tve

numbers for l.)rop;_gtlti(_l_ it_ 1:5" ',_t_tl1'_:5"(lil'cctiol_s nl'o ident, icnl, 'Pile onl, ries

in t,he 45D and 12{5"colttlil_s _,l't, .!:_,_,_,,':tllv,,'¢,l'v close and can be considered to

he the same it' the lllt'llStll't'lllt.'!ll t'l'l't)l' iS I_ll¢,t!ll i,_to account. Further, SH()

velocities fbr t)ropag'_tti()ta it_ ()" :tt_(t _)()"¢Ii_'t,c'ti()lls sltould also be the same fbr

orthotropiemedia. 'l'l_is is:_l'li_'_l¢,¢l I_x' tl_t,(l_tt:l il_'l'_bles 11I and IV,
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Using t,he \,VI ,,,,_ ()l_ttLill_,clI'_'_vlllIC'tlti'()13 (.lil'l'l'tlction, we cnn cnlc.'ulate the

elastic const, ant.s I'v',vl_the l'c'ltLtic_llsFlY"v1 ill l'_of',7, 'l'hen dispersion curves

for wave propt/gnl, il_t4'in tile twc_ sttt_plc, s c_ln be gev_ernt, ed using' t,he

generalized Rayleigh-l.,_tll_b U¢lt.t:tli(_vl,,c_l'_tllisc,tropic plat;es I8,91, On t,he ot,her

hand, using Fc)uriet' pl_:ts¢, tit,stelLite vll(.'ttsui'on_evat met, hod, ext)erirnental

dispersion curves c;tn be t'ec()vlsti'tlctocl, 'l']le colnpal'ison of't, he theoret, i('nl

dispersion CtlrVeS t/llct t l_e ttl t_"_s(_v_icnllv I'¢,cc_vlstruc.ted dispersion curves are

shown in Fig, ;_ /'or tile 'l'i ',-_.tll/l)l_,['_1' ,,v_tv(.,i._l'ol)aKation in the rolling

direction, In Fig, 3 thecowtiv_tlc_tls ctll'vc,s_tl'c, tile thec_ret, ical curves and the

curves with crosses _l'e uxperivllt,l_t_t[ _liSl>Or.,_iov_ct_rves, There are fbur

experimentnl dist)ersiov_ c'tl_'vc,s: Ic_ww:tvt, nu_l_bc,r So_node, high wave

number S omode,Sl-loIll(_clo,:_v_dSll i vl_c_cl(,,Ivl this paper, the inf'ormation

pertaining Lc)t,hc, higl_ _'_t_'_.,iltlltll)c,i' ,'_, II1¢)¢1o will ta()t I)c, diseussecl,

(]ener_tlly goc)c.Illg'l'i.:'(.'lll('llt ¢.':tll ]_t' (,[_S(.'I'_,'C'(.] ['lR)IIIFig, 3 between t,he

theoretical and t:,xl)e_'ii_lc,v]t_tl¢lispt,v'sic)ii ctll'x'os, 'l'l_ere is, however, one

acut, eproblevn assocint.c, cl witl_ tilt, I"(_ttv'iu_'l)l_ase _netl_od' an ambiguity ot'a

multiple oI'2p in c:let,er[nii_ing lhc, i't,lt/ti,,'e pt_:_se of' t l_e Lwo signals being

deconvolved, \e',_hc,n usin,,._ l,'(_tlric,_' l:_l_t_sc,,vllc,tl'_od, t.he phase colnput:ntion

involves an inverse t_tl_vc.,nl f'tlv_ctit_l_, 'l'l_e I'(,tul'ned value of t,tle inversion is

always within the -rc to rr r'_!,,, .,c xvl_ilc,til(, Ii'tic, l_ll_se (l()es not. hnve such a

limit,, In other wc_l'cls, tlat, ltrrc, I_l_',ts¢, i-_ tl_e coIIlptllec] ptinse plus/n_inus _I1/T,

Phy.,deally, this cc)l'v'esl)l_t_(Ist_ 'tl_ _ cv(.'lt, ii_isttlig_'I_in(,nt it_ t,ime ciomain, To

choo,_e's the correct, vnlue li, we I_,,tvt, t_tilized :_I_:_lKc)t'ithvn that, will be

discussed elsewhere boc_ittso ()l't le ptx!_:¢,liv_it_t,i(_n laei'e,

To make sttre tibet we }_:t\'¢,_._(,It,utt,_ltilt, I'igl_t, l_ttlt.iple, we have plott, ed

t.he experi_neI_tttl (.lisl)t,rsi()_l c'ti_'v ,s _,,'itll :t l)()silivo and a neKative of'f_eL oI'2p

phase in Fig,,1, 'l'l_c, c(_tlll_t_l'i._,v_I:_,tx,,'_,c,v_11_¢,tllc,ol'eticttl and experimc:nt:ai
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cul'ves shows beyol_d d_t.ll_t Ill,tr wt, II_ti't, (.,l_,_st:nthe right multiple in ot_

fitting, Pig 4 nl.,:o dollil_llsll'_llus ill,lt ii', w_, tl_ Ilut I_ave the prior knowledge of

neutl(.l_'_ diffrncl.iol_ rustllts, ii, c,ttt_ l_c,vvl'v rill'lit'tilt to identil'v, the cef'feet

multiple oI'2p ibr l'¢,lntivc, ly sl I'(_,1}.,1>'¢li.qpt,l'sive waves,

Table Xe givt, s tt ¢l:_ttt :l,,,_lvsis _ll_¢l¢'¢_,lll.)ttl'isun exnIllple, In this case,

the conventiontll Sl_lim velocity (I;tt,'_tri'c, used l(_ (_btnin a linear combination of

W22oand W4,2ousing the, I'oul'tl; v(luttti(_n ii1 l'](ls, (1), The equal, ion at the

beginning of the table uxpl'c, sses 't sii_pli[lc, d relation between W_oand W4_o

and ultrasonic veloc'ilivs, 'l'll_ _'_l,l'[ic'it,llls ('si',, till(-](_s, ,, , .,.,,,g_x'en at the bet.tem of

the table are cot_st_t_ls c<_ll)t_tv_li_:_s_,_lt_li 11_{,['Olll'l,h equllt, ion in Eqs, (1)and

the elastic is(_tl'l_py _1,1(I_t_lisl_ll'lll)v _'(_,_._;l:_,l{slis{ed iI_ 'l'nble I, Tt_e values of

values corvespor_d {()t.l_.' \e(_i_tta,_,_l'lit' I{_,tlss _tvc,l'n_ing n_et.hods, On the loft

hand side of'Pahle l\,', lhr, v_llut,s :tl'v _:_llll_t_tc,d bttsed _n neutron diffraction

data and the err(_'s c(_'_'(:,.-',l)Ol,(II(_ I1_(,:_ttt_(lttl'(] deviation in Wu_oand W,tuo,

," d side o1"1",11_1_,l\', ,'(,._tllls cttlctllt_ted t'ron_ ultrasonicOn the l'i,,ht h_n

velocity measul'e,_vnts _1'(, lisl_.,,I :,1_1_;2witl_ tile st.ai_dard deviations based on

the three l'epc,titi(_l]s (_1'tll_, (,Xl)_,_'il_,iit I'_l' _.,ttcll(_['t11_,different llleUSl.ll'OIllell[,

methods,

From 'Pat)le V, (_{, c_,_ s_,,, t l_tt t l',(,_'_,i,_ _, good _q2,'reement between

ultrasonic data ttt_cl t_eut_'{_,_tlil'l'_'ttt,ti_),_ _'vsults li)v t,he 'Pi sat_ple, but the
i

comparison t'ot' tl_e ZI' i)lttl( . is ,,_+t.ql>g'_+tJ{I,t,vul+ tl_<)ug'l_c_)nsistent results nrc

obtained f'rom dil'lbvet_t, ul:.l';ts(_l_i_' tt,clll_itlttt,.q t_l_{]measurement methods,

We de not have _ g()o(I <:,Xl._lttl_:tlit_,_['(_t't l_i.-_(liscl'Ul)ancy til t.his stage,

Table VI i,_ ;,illl)tlll'l' I]_ll',l :tl_:,l\'.qi.q ,'X',tl_ll.)lt,. 111tl_is example,

inl'orlnation (_1'It_(' Sill I_1_1_,iil_,:ts_t_'_,l_l_.,,_ls is used I_ ohtain another linear

,combination _t'\V,,:!_;_II<t \VI.:,,. I I{,_'{,_ls' l lie _t_l_tl3,sislbl'the'l'i snlnpleis

presented siI_('e w_, (lid I_t _.,_.,Ii'_,li:tl_lt, v,'_\'c,li_'_ls lbl' the Zr because of the

nonunit"orm tl_iel<n_,ss _l'tll_., l)l_t_ ,, 'l'll_,:t_lg_l.s'si._ irl this table is; pr,:sented in

the same t't_sl_i()___ts il_ '1' i1_1( \! _,xc__,l)ttil:tr t l_¢.,squire'es ot'dimensionl ,"l ' , (788
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wave numbers, l'LIther thrill vc,locitic,_,:ll'c, us(,ll on, t,he ult, rLtsound side, 'Pile

zoro-crossing II_onsul'u,l__,nts _tr(., Illi,q_il_" (i'(_lll tl_is t_tbl(_,bocauso the Sl-I l

_V[1VOS aI'O Stl"(Jllla'ly (.lisl)ul'sivu fill(II[llC' ;,,(.,l'(_-t'l'(_ssitlgnlensttremenl; method is

unsuit, able fi)r su(.'l_ _ sit tt_tti(_ll, ,-\}.,,:_il_,ct vc,ry _,:,'_,_cl_tKreexnont between

diffl'act, ion and Ltltl'ns(ll'lic: (.l:lt't (.':Ill I1(,(_l_.qc,l'v(.,(I,
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INVERSION AND CONCLUSIONS

We have calculated the predictions of W1,nn based on ultrasonic data for

different combinations of techniques and measurement methods discussed

in this paper, Comparisons of'neutron diffraction data to the best and the

worst estimates by ultrasc.,und are given in Table VII, For the Ti sample,

except for W400, the best estimates by ultrasound are in very good a_,n'eement

with those by neutron diffraction, We currently do not have a good

explanation on why the estimate of W400by ultrasound is so much different

from neutron data, The worst estimates for the Ti are sometimes

considerably off from the neutron results eycept for W220and W420where the

differences are relatively small, For the Zr sample, W220and W420remain

coupled since reliable ultrasonic data were unavailable for the SH 1, For other

ODCs, the best estimates are very close to the neutron estimates, On the

other hand, the worst estimate fbr W400is again far off from the neutron data,

even the sign has changed,

In conclusion, we have shown that ultrasonic techniques can be used to

characterize texture in plates of hexagonal polycrystallites, The

distinguishing aspect of texture characterization in hexagonal materials is

the coupling of W220with W420and W200with W400, Conventional ultrasonic

techniques that have been used for texture determination of"cubic

polycrystals cannot alone determine all five ODCs for hexagonal materials;

therefore other ultrasonic technique or techn'ques must be used or developed,

This paper addresses one of the techniques we are using; the SH 1 mode

technique, Other techniques may also be used [10], When using the SH1

mode technique, along with the conventional techniques, all five WI mn for 1

up to 4 can be determined, The results presented in this paper has shown a

promising future of'ultrasonic determination of texture, but more work
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needs to be done on the issue of'ambiguity of multiple of 2n before

transferring tile technology toindustry,



"II.

,.\{ 'I:¢N{}XVI,I,:I){il,',,XI1,',N'I'

Ames Iml}ol'ut{}_'v is ,}l:,,{,_':ll{,{IIi} tl_{, []. ,'4, l)t,l};ll'tln{£,nt {} HnoPgy by the

_ _'} 'l'his woPk wns[own St,nrc Llnix'&,l'sitv tlrl{l{,l' {'{,IIII':_tt NL},\\'. 7.1{},_-lCl_ta'-,,,-,

suppoPtod by tl_e l}il'c,cl{}l' li}l' I",f_{.,',,'J,,y I<{,._{,;l_'cl_,{}llicc' {}t'l]usic E;nePgy

Sciences,
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Table I, Elastic isotropy and anisotropy constants

in GPa and densities in g/cm 3

Mat'l method C_i C_12 C]4 AI A 2 A 3 B p

Voigt 163.93 75,53 44,20 -62.00 -145,00207.00 23.00
Ti Hill 162,86 76.07 43.40 -61.80 -141,81203,61 16,69 4.510

Reuss 161.78 76.60 42.59 -61.60 -138,61200,21 10.38

Voigt 145,68 72.16 36,76 -55,80 -6,60 62,40 42.40
Zr Hill 145,18 72,28 36,45 -49.05 -5.22 54,27 38.99 6,505

Reuss 144.68 72,39 36.14 -42,30 -3.85 46.14 35.59

Table II. ODCs calculated from neutron pole figures
i

1 m Wl mO (error) -- Ti Wl mO (error) -- Zr

2 0 0.01709 (59) 0.01300 (40)
2 2 -0.00545 (17) -0.00575(34)

4 0 0.00574 (24) 0,00088 (18)
4 2 -0.00687 (20) -0.00497 (06)
4 4 0,00217 (06) 0.00236 (16)
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Table III, Measul'c,d ultrtL_¢),lic vul{)c:itius aild wave numbers for theTi

Measurement method nl{}de (L_ni{,) 0° 45° 90° 135°

ZOPO- A[),_ Solii,, {illlll,/Ll._) 5,:1236 5.3778 5,4506 5,3830
-}- ..................................................

crossing I{ol Sl--lt} (lllill/Lis} 2,9540 2,9582 2.9523 2.9611

S{,li,,, (ll_lllilL._} 5,3191 5,3791 5,4C_16 5,3846

A' ' '2 '2 ' 'os St-I_} I,ll,,l,'Lt_}2,9511 .9575 .9510 2,9572
Fourier- .......................................................

Si I t _1)1.:",:} 0,6367 0,6757 0.7011 0,6796

S,,l,,,, {,,_,,,"!t,,, {),U{}00-0,0655 -0,1508 -0,0741
phase ................................................

l{ul SIt,} (,ll,,I/tls}(),0000 -0,0070 0,0008 -0.0072

SI l_ (I-)1<"_} (),0{)00 -0,0410 -0.0685 -0,0405
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Table IV. Measured Lllt l':lsi_l_ic x'el_citie,_ fi_l' tlle Zl'

Measurement. method mode ():_' 45_ 90° 135°

zero- Abs SIHi,,_ (,llz_l./us) .1.09,11 4.0805 4.0987 4,0811
+

.3,_0,.) 3594 .3309 2,3605crossing" l?.el Slttj _ll_11_/tt:-_) '2" c '2. 2

S_li,__ ¢vl_ll_,/us) .1.C)S62 4.0648 4.0901 4,0579
Abs ...........................................................

_.,,_S6 2.3584 ....... .,,, 2.35(-;0Fourier- _tt,j (_l_J_,"!ls J .)',,)," ,)'?o'_O , ' •

phase StH_,_ I llllll..Lt,_; (),0()()() (),()143 -0,0073 0,0155
l{el ....................................................................

Slt_, I i_l/tls) t).()()00 -0.0,_09 0.0015 -0,030..J
....................................................... "T-.........
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TableV. Data analysis Ibl'\V.,.,_,,_,l(I..... \\'_:,,_usir_gSoli, n modes

............................................................................... ...._

s, (_' \,Vl;,c_ = Ill \':',,(!)()') V_J0°)]C2_,W220 + ,_:_, ,,.. -.-.

(;.171'2 :!().1S75 (zero-crossing)
Ti' "......_"+0,2_':°o,o,J_,) ,.,,,, 7.()7(J:J 'k0.')577 (Fourier phase absolute)

7.;_'27;t :k().(),s(i:/ (Fourier' phase relative)

e.-,) .....().2.1;__ +() 1191 (zero-crossing)
Zr: 0.8586 +0.2070 ().2()7.1 k().1846 (Fotlrier phase absolute)

).;{87l ._:().:{()22 (Fourier ptlase relative)

Based on neutr()z_ t_ltJ':_s()t_n(I (measuren_ent method)

Table VI. Data_lnalysisii_l' \\'.e:e_,_t_(.I\\'l,.euusingSIt I n_odes

CSll,W920 c.,sll_,.2,, .- + , ,.,, \\.'42() = I I<(._)(// -.. lqO)l

'pi. 0,0922 _+.0.0024 ().()S(il __;().()()36 F()urier phase absolute)
().(),9'2:{k().()2.1;} Fourier phase relative)

Based on neutr()_ t_lt t':_.-:()tL_(.I measurement method)

.tt i_.__'
Ti' ("':',,'i=_ I _{,(, _,,, ('_',II=-_ 59 _'_l...... ,1),_5



Neutron I),(.)1_' _ • '_" ( ) '"_(),) (I,t1(15.15 I),(ii)<__ol -(J,)( 68_ 0,()0217

Ti Best (),()17.If; -(i,()()5.I ').. (),()2787 -(),t10646' ' (.,)(")0231

Worst (),(]()(>_2 -1),1)t)571 I),t),l" " ,c ,'_" 26,,1 -0,00415 -0,006,76

Neutron (),()1;1()() -li,()()575 (),()()()S8 -(),0()497 (),0()236

Zr IJost (),/)1(),{)2 ' (),/)()()6() * 0,()()239

Wors t {),{}1{)-It) ' -(),{}{);17{} * 0,0{}41{,}
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.\1_'1'1I.\( "1'

\'Vell_tvol'(,c'l,vltlyl_J'_l.l_._,_l:Irltll_l':L.-_,_,tliCI(,UI_t_iCILLL'_','l_Ivl'_ut,iliZU,_

polycwst,nllin_.,_LRFI'UF_LIu_,IIi%l,',il,,',','lllll_tt_','ll(.'rl_tl)l_t_.'isisol,r(_pic,t,l_uv_,

isnlwnys n l._(_intwl_(.,_'eS(,Ii_(lSII1_i_(,_I_,,,,t(_'ll_,_.'.I_othu_'t,_gunl,il_lly_t,

'

sonsil, ive t,o lhc, wt, tri<tt_is(_l_',,l),,' i_,lt_<'t,_l I_v tl_, It, xt,ul't? in thf l_t.,I,al st'_et,l,,,_,

In Lt.hiSl')P,1)el',We will I't'l_,.)l'tiI1{,t,s:l_(,_'il_l(,l_t:tl I'esull.s _)_ l(.,l_AI pigmi,es, Wt,.

,,viii COlllp,_ll'(.' (.Ilo ustilll_lti(_II'-, ,,(' t t'Xltll't' I.)_ll':tlllOl.Ol'S \'VIIllII obt,_ti_od using l,llO

nls(_ comp_.ll'l, o1.11'tlll l'ttS(_l_iClal'(,_li('ti_,_,s t(_ i I_)s(, (_bl_lined indepoIlde_l, ly l'vom

disndvui_t, ngt, s oi' l l'_(,1,_, _)_lt, tt,_'l_llitl_lt, _t_(I t,l'l'ul'S lissi)ei_..Itt_,d wit.h t,ho

l_le_./sttrez'l:Ol_l will :_ls(, I_, (lis_,t_qs_,,I,
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IN'I'I_(>I)Lt(' I'I()N

[II:{_v(.:_ut,e,_ )_tL_l)'_(liti()I_lllv l)_,_,ll(i_)II_'l)y X-)'IL,,'())')lutLt,_'()l__li['l'l'(_ut,i()I'l

(,(.i_.t',llllitltt(.),_, '['llt',_t, i(.'t'lllli(,[lll'.'-, _l't' !'.('ll(')",lllv :_l()w t_ll(,[ (.[t'stl'tlt, i, ivt), Ad,,'_l'lc(.,,_

in t).lt,l'usol_iu_ ov_.'l'(.]1(.']_)st _[_'(.':_([('Ii',_v_.,Iil:_](' it I)()s_il)l(, t()t[t,l(,)'I_itl(., tC'Xi, til'(.'

o1'uul)ic l._oly(.',l'ystI_lliut' _,,,,)'(,),,:_t_,_,.,,_,, _l_iel;Iv :_)_1I)())_tl(,,_tl't)eLiv_.,Iv,.[1-;]], It, i,_

whoII [,eXt, t.ll'g iS I]l'(.'St'll[, III(., IIl_l(,)'i:)l.'< :tl'(., _I_i,,_('t,l()l:)it,, ust,l_lly w(.'l:_l_l,v

ovi,hol,vopic li)_' _'()ll(.,(II_l_t(,_ ()1'_11(,_,1_.'1'11(,I)l'i_.'_l',l( , ()[' tllt.e_s()nic

ehuvuet, er'iz(_ti())_ ()1'[('XI til'(' i,_ l()ill['('l' I_'XllII'(' I)V ,q('11,'.4il1_ ilil(l (]et.(:,l't'rlinil_ t,l'_(_:

'l'l_o I_ltllllt,ll_t_tit.';_l (.l(',_')')l)tI()11 ()l' lt'XI til'(.' W_IS (It'vt'l()l>(-'d ()VL)I' E() VC._I.II'S

ovient.uti()l_ ([iSt)'il)tlti()l) c()_,l'li<i_,l)ls (t)[ )('s) ())' \V/))_)_irl I;_()(>'_l_()t,nt,ioll,_,

These OI.')C,__)'_,_lil)l(..,)_i()l_l_,s.-,[):_l':_lll(,t(,l'S, 'l'l_,()l'_,tie.ully, _li['l'l'(_(.:t,ion

t,ec.hniques c_ln (]t,l(:,l'_llil_t, \\;'/,,,,, I_)1'/ t_l)ti)i_(i)lit,_,', tllou_4'h il)l:)_'_.It,it'.c,

W/mn i,_d(.,(,el')uirl(.,_.lIi))'/_._1_ I()_)I1_)1'(, tll:_rl _(.)()1';.t(), 1_ l._)'iI_cipl(.,,only

t,h(..'.s(.,\_/1)_ _I'(.,()['t(')_Ill(' I)i()>._Iil)ll)())'t'_)it t('xttl)'(' l.)_ll'tll_l(.'tt.'l's['())'f'ormul:)ilit,y

,_t,t_clyfor t:ul)ie ll_(,t_l...;17,,'_1, I"())' I i_(,:.,(.,))_l(,)'i_l.,_, tll_,l'(, __i'(.,I))lly t.h)'(.,(:>

ir_del_end(.'nt. ;_)_<l)_<))l'z,_.,)'()\V,,,,,), I())'I _II)_().I' tll_,s_.,_i'_, \'V,l(.)o, \'V,)v,o _)_(:l\'V._,_o( ) ) )

Typic_xl vulues ()l' tl_(.,,_(.,\\"/,,,), ;_I'¢,())i til(., ())'<l(,)'()[' I() ';_, 'l'l_,su Wl ))_)_u)'¢.,

reluLed t,o cle(_p dl'_v,,Ill)ilit,< :_Ii(l(,:_)'i)_); ill Ill(, lll_)Itlii_ctt._l'inM'l)l()(.,c,_,'', ._ [_],

The key t() t.l_(,_it)",_:_()lli¢'<I('_')'I)I (_',_ti())l I'l(.'xl.t_l'{'is t.h(, set, oi' r(.,.lut.i()n_

l')et,wet)__ the l(.,xtt_l'(, 1)_)':_)_)¢,i_,)....x,_')...., _))([I]_(.,(,[_._(ic c()I_tt_l_t._ (".,i.i(,)['t']Tu

C _(")'))("'X (_,_,,,_,\,_,,, (I_I ),._',-I) (I)o_ ,,(
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_xnd (li,,u tll'__,ec)ll,_Iililtt'()t,l'licit,ilt,,<, Ii, I" "' "',(I, _1),<, ,)Itlid ( cIin t>uc'ltluultlt,t,d

'l'+.IbloI 'I'l_c,_,'Itl_Ic,_I'(),'t"' ", ,) _lil,.il 'il_ lilt' t_i)l(.,i_)'(.,_)l)tllilic,c.!t)v tl_c.,Hill

rt,,,(._,.l'tl_iril.ftt'_(.,tll()(Iwitll lilt, I,(,Lll_tl.,<c'()l'l'_,_l+)())lclivl_Ct()tllc.+ \"uiKt, _.liictl;_c,u,_

ttr (.'_l'tl.K{ tt _ t'<,-','mtttItS,

'l'hu ec)nvc:,v_tic)vlttltt'(,li,'_i(Itit'_._ li)i' tt,xttil'(., (:I(.,tt,l'iltit+_ttti()t_ c)n i'ollod l.+]£tl,+,+'_
"I

oi" ,,..+h e(++t,,,+,tire ill(., l()nK ,,vttvt.,It,i;)_'t Ii B,, (+,,'ililit(,t)'i¢' l,tttttl))rtrtd t,t_e,St-lc)Ishuttr

ltorizot_tttl) plttt(' 111()c1(' tt'(.'illliCltlt','< t_t't' I"+t;(, I), t l+iv_,' thos(+, t.eehrtiquem, ()rr(.:,

rrt(.:,£t,,.++t.trus i+)11£t,_c+vul()citi(,:,_ ()I' lll(,+_, t,,v()vil()(It,_ +ft (), .IF), +.tt'_cl+.}0dc+,_re(.+,'.+wit, l't

rosr:)(:,c(, to (Ilo i't)llii+v,' (+lii'(,<.'tit)ll, 't'l_(, t't{tl',Itit)It_ v,'ttiul'_ettl¢'ctlt_.to W4,2()ttrld W,14t)

{'rom Ll_t:,So()r tl_t:, _ll_)l;_t)tlt, \'t.,l()c'ilit,< c:ii)l)(, l't)tli_(lii+ l_c,{',_,'2 tttld I0, These

eclttrtt, i(')t_s tls(> tli(, :_il)_tll:i)' _",i_'i',lli()l)i)),,'t,l()t+'iiv, \'(it), l_(.,)lee el()riot, n,qttire

(tb,_olut.o vt,locitv i)i(,ti.,<ti)'t i))(,i)t_, 'I'I i'

ttt'O _iV+l'1 l>ol(.),,v'

/'_Y_ ' )" \':i) I\,V.i()<).-+_ ll:>\'_ii(( )+ ), (l._") ?.(..'iI ¢2)
1()_r't "'

W.it)i) = _:+"'_ { I>\' ,::,,t()") 1+21:)V,_,)(45 '>)
_ ]_r'l._+iX(c",A,".'_)i +<+,(_.",.,. ', 'ii "
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-+-i_\,'_,(_)()")- lt iii ,{:,,,._ )l-I /,J)

,,vho)'c.,i:) is lh(:, (l(.,n.,_itv ()1'Iii(, IIl_ltc,l'l;ll.

'I'ho c:())_,,'c,nt i()l/_tl I t.'c.'l_lli(Itlt'.-, ',','t)l'l_ .-_:ltisl'_lc'l (_l'ily ()v(.,l'ull (.,xu(._pt,for l,hc,

det, c,rnlintitic)t_ c)t' \Vli)t)t)il +,\1i+ltit_,-_, wll,)+_, I)l'c,t lic,tiul_ is ut'tt_,t_f'ut.it_d t,o bo

iricc)risist.orit, witll indc, pc'l_(Ic'lit cl)l'l'i",lulit)ll iilt'tt.'<tli'Ollleil{+_, 'l'his cli,_ureptit_cV

is bolievud t.o I+c:,<..'ittlst,(I l+)i'illl:li'ilv I)_,+ tl_t, I'()ll()wil+t_' i'uitstii_<,-i,Irt)'lTIo Ituutti'ttc.y

t'o t,llo pt'odict.ioi_ (){'Wi()_) I'¢,lit,,<<t>l+ tilt, ',lt.'t'tli'ttt(.' Illt'itStil't'iilt;'Ult, ()1'phtise

velocit.io,_ iri Iii} t.}_l'(,(.,(liJ'lt,i'i,ilt (li)'t,ulit)ll-,,, 'l'llt, typic'Iii illOlist+ti'oillOllt, Ol"i'Of it_

veloeit, v i+ lll)()tit+ I:(),III)F_ llliii iii..< f_)i' _ii+lilti',ll itlJ+liltttc., ltlt, tl._t+irotltott{,, 'l'his

ilittv [)(., ittll_+i'()vt,(l I() !:(),(1()(I;'_lllill iii,-, t)i' I)t,ttt,i' I'lii' titltiiliilit.(,¢;l 111et./Stl.-t_,llieiit,,tr))

I+]×i+l,orice ot' +(,('()li(I i_lltl,_(, (.)l' ;ii ()vili!f (,lt,lii(,llt+ iii AI +ililil;>lOs illt.oi'S i,t_o

i_ot.rripic ellisti<., lllc)cltili, '1'1_(,ii I]iit,i)c'c, i)l+.._¢,c,t)nctlil_ttso ti_til<erii.tl or till¢)yinl_
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ell.+t+'letlt,_i_ .,._till ttll<.llc,_t_',t rl_ t+_;'+_'+;_l'tlil'l'_,l'L,llt_'t,i_l i_(_tlt_l)t+.!l+_U¢iilt]iI'01+t,t'ttl,

ttllt+yod £tlt.tlllillttlll _.'ttll lit, li,tlI_¢l ill II_,' litt't'tttttl'u, A l.+ttl.)¢'_'pl'¢:,sultt,ud t't.,ut.,ttt,ly

11£t+sltt>wrt t,ltttt, li)t' [JLtI'_,,,\I l)Ittt_,..-+,tilt' ttltl'tt,'.+(_11i¢+'l.+t't+,tlieti(Jtlsttrtcl X-_'tty

+ I +clill'1'ttct.iutt _'_.,,";Ltl+..,__tI'c.,t'('tt.'<c)ll_tl)l_,'U_ll,+.;i::,tt'lltli li 'l'_ti_l<:,li ,_h()ws ltuw ettult ,+

t,heme t,wo l'e+t+()Its <+'t_lit1'il_ttte._t()tilt, ¢,l'l't_l'+ill tl_t+,l+_'udic:t,i<._rtt>l'x,"V,lot),t_'t'()tlt

t,tti_, t,+tbio ()Ive +,+!till,_t.,l,_.'It,_t_'Ivv,'I_,,'.\i i,_ l)',tl'tiuttlttl'ly vut__¢.,l'ttl)le tu triu _+,l'l'(+t'm

ttrld Lttlco|'t.tlittty il_ tilt_' lllt.'_t_ttl'¢'IIl_'l_t ',til<.]<+'ttl¢,ttlttttol_,

'l'llu (_b,it.,t.,tivu <._i't l_i.,..;l.)ttl)t.,l'i+,-_tr, t.,,,,:l+It+l,t,<.ii,(.l_.,vc,ttlp £t <:lillb_'ut+_t,ttlt,l'ttmut_iu

tttutl't()c[ t,h£tt. (I()_.,,__+(+tl'ulv (_i ,,'¢,l'v l)l't,+,'i,,..;(, Itt_m<+Ittt(,Ill<.,tl_,ttl'_.,tlIOtIt.mOf i++reui+o

krt()wlec'lge ()1't,llt., i_(>t,_'¢)l+it.'t,l+tsti(.' ii_t+<.Ittli:tl_<+l<.l(.,I_sit,yt(_ pl'+.,diut,W,.loo,
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'i'lil,',t)l{Y (>1,'I,..\.kll,', i\1¢)1)I,','I'I,',('I-INI(tUI,]

Wo htlvo rc,_"ontly i._l'Ol>,>-._u_l',LI_tllt l'_l:_t_ic' t(.,cllniquo wllich ut, ilizt?_

14tnaO n_oclo pl'opol'tios t_ ul_:tl'ttutc,_'ixc, tt,,'<tttl'c, _l' uLtbic,,ttiacl lat,×_Tontxl

l._olycryst,allino utl,_'g'l'o_'_ltt,,_I 1I,1'_'1, lt i_ I¢ll(Jwla tlltit,, wl'lc-,ll tl pliit, o is isotrotgic,

1,tlO1"OiS /IIWII>'S tll_,_illlt" I)(lilat wl_ul't' <li<l_C'i'_i_l'l t'tll'Vt;,_ o(' rho _fl till(] Ltlo ,.t3.t_t1

modes touch 0tlc!h citlloi' tllll!.,,'t,illi',lllv ',ii tilt, W:iVoVOC.'[()i' k=relb (soo l_'ig, 1),

whoro b is t,lao l)lttto t.laic'l_i_c,_:',.,,kt iI_is l>t>iill, I->t>ilai_otlos have i,t'lo

climolasionloss I'roqtioilc, v '_l'_f',"\' ' ,, , t---v.! ill<, l>l_<l,_t, volouit,y Vi.j = v'_-Vt., _llld t,ho

gl'oup volocity Vv - \"t,;__, wl_(.,_'uk t i_ tl_o l)l',iilc , ,4)lC,_.lrw_,l,¢ovolocil;y, 'v ..4,i/1:),

The So l.,an_b nl(_do lit. (l_l.' I,_lilic; I)<lil_t II:l_ I_l_l\' voi'tic'ally lmlarizod

st'lorar wtwo cori_l.)(_ilt'ilts (rho I_>l_,,ittl(lil_:ii._., w:lvc, c'(_i_ll.)()i_0,t'lt, is absont;)', i,he

WtlVO bOtli'l(2o_ t'Jacl,: aiad li)tii'itl [{l'()lll i I_(, [w(J .--;tll'lttcO._ t.'i{, <15 degree tingles, The

_t-[ 0 mode tlt_s _>l_lyh(>l'iz(_l_t:lllv l)(ll:lt'iz<,(I sllt:'_li' v,'_.ive c'oml_)oilorlt;s, tl.l,,.4o

propa/gatirig' at 7:::15"willl i'OSl>t't'[ 1()lilt, I>l'<llt' stti'l]/('c,S,

Wholl t,lac' pl_ltc, i._ "ilii_(lll'(>l)it'. 1,',1111('Illiltit,.w, d()11()1, o×ist, l.lny I]1(.)1'o.

Instead, l;iaoS0 t;li_d iil(, Sl i i llltJ(li,s ii/',tv t'l'li:.:.stlt,'(,l' ()1'split, il_ the viciriit, y of t,ho

[.,tlm6 poirlt, 'l'h_, illll()<llll ()1' C'i'(>'-;'-;-.(>V(,l' 'lil(l .'-:l)lillilag', wlaic'h is sonsit:ivo t,o tllt._

woak :::lnis(it, rot)y ii_(:lticr(_,_lI_v tilt, tt'xltil'<' il_ tl_c' illc'lill shoot,s, is rolt_t,od t,o ttlo

l_oxl;tlro 1.)_.1i'l.i ill o t.o I'<<-;I-Lv:

k_:t"" _,'Nk= ..... (25',/_- \V i_l(_--I_5 \\' 1_,,c',,,21.t, (>','.'_5\\' i l(,t.'tl.";..l(s.) (4)
_5("- ,1,1

' _ , ' ' S _lrldwtloro ,.Xl_..=-I,ct_l--Iij-k(,"qr,) k(_ll i , ,,iii< Ic_,<'-;,,_li'l, ii l, w_lvc, i_tin_Dors of Lt-le<.i-t i

f,ho '-.0_ tIlcidos (:ii' the, rlnis(>tl'(_l:_iuili:lt<'l'i',ll.'-; '<li i l_, [,tli_l_5 ('ro(tuoncy (f'=V_/'72-t._),'

k=sclb is i.he wtivo i1UllllJt, l' ,[ til(, ],;iilit" I>_liil(, ttlltl ii is t lao wllvu propat4'lai;ion

_lriglo, lT,y rrior.isl.lrii'lt.4 ,:\1,: :ii C), ..1_, ',lil<t {)() _lc,,,,,l'c,c,clil'c,c'.t.ic>ils, osi.ii'll_._ltos of _.lll

l;hroo \Vs can bo lll_.Ido b_lst.,d()li Illi:-'. ('(lll:ilillll.



'_ , _ _ .N I_ N'I 'H,\,It'I 1,_ A I)1,3X I,]RIMIa]

We have used teta AI _llc,c,ts iii tlli._ttt¢t.\'. Ali the sainples are about

L 0.1" (2,5 mm) thick ()no ()1'tllc, se s:ti_llalc,s is a pure A1 sample (99.99%) and

all of' the others ai'e alloys witla dil'l'c,l'oilt l_etli, treatn_ents and rolling

histories. Neutron dit'f'ritc'tioil iiic,:lsul'einvnts have I)een made on six

samples and results of'five Szili_l.)lc!S }1:.tvo [.,c'ml_l'el)ol'ted [113]. X-ray diffraction

has also been Clone on the l)tlrc, -\1 s:tIl_l.)lo ()n tile' lop and the bottom surfaces

as well as in t,he nliddle I)l:ll_t' I I.I 1. (,)l':lll tile, ._',linples, nolle o[' them are fully

flat-- local ctirv,<.ittlrt , exists il'l'c.<,:,cll:lll\' /)ll ',iii tllo platc,s

'Phe expei'iillellts Ii'i\'t., I_(.,c,il<]()l/(, ttsiil, 4' lqMA'l's 'Phe I,<'ln16mode
"1 "t [']"

transducers have <5.1mill t)oi'i()d [i)l' tt/o S_-jmode and 5.4 mill for [he Sl, 1

mode. These enable ttle \v:i,,,os to I>ec,xcite(t c'lose to t,he Lain6 point,. For

comparison purpose, wo ll:i\,t, ,,llso ill:l(.te rne:_su/'ements using the

conventional So t,echnicltlC,,
p ' rThe n-ieasul'ernellt, ii_,ll (>(.1t_._,_lill Illis sttidy is t,he I-ourier-t)hase

method, Because boll_ tl_e H_ :li,cl It_(, ,_It I ll_(_des are st.rorigly dispe, rsive Fi.eal"

the Lam6 point,, t,he c:_)_(>_,lx' t_:;o I zc._'_)-c_'ossii'_gvelocii, y measurement

method is not suitable t Jsi_g: l l_c,1,'(_t_rior-pl_so n_ethod, one t,akes

wavefnrms at, two ctifferel_t {i't.iilscltit'el' sc,l.)ninti()n distances and uses

deeonvolution technique t+(_ot_t'iit_ t t_c, xx:_x'c,t_titnber infbrmation oi" phase

velocityinR)rmat;ion, 'l'l_e t.\'l)ic':ll c'll:tllt_4u(>l'Sel)_ll'ation distance is about100

mm in this st,tidy. t;_ol,' on-'l_ ll_(,:i:,til'c.i!_,l_t, tl_el'o _lre thl'ee repetitions and

the averaged value is use(I ill tl_c. Ii_',t c'_i_l)Ut_/tion.
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[Ising the l;_oul'ie_'-l)}lttse _l_c,:_,_t_'c,J_lc,_tr_lc,thod, we can construct

dispersion.curves I'ro_ t.l_c,c,>:l)c,_'i_c,z_t_, l)ecause t.t_e ultrasonic pulses are

bandlimitect, the constl'uc'ted (li>',l)_,_'sic)l_'c'u_'v_,s are also bandlimited. Figure

2 shows the experilnenCally c_z_stt'ucte_l dispersion curves and the dispersion

curves generated theoretically based on the ()l)Cs obtained from the

conventional ultrasonic Cect_niclue (tl_e long' wavelength So mode), These

dispersion curves al'e tb_' olle s_,t (_l'_c,'_su_'c,_e.f_ts only, They are obtained

for wave propagation i1_ tl_c,_'_lli_ tlil't,cti_ _I_ _ne specific sample. One can

see from this figure t h:_t tl_c, ¢lisl)_,l'-;i¢_l_c't_'\'es I'l'om experi_nents are in very

good agreement with tl_., tllt,_l'_,tic.'z_l_)l_c,s, indic't_ting a mathematical

consistency ira Ciae c()_pt_t:_ti_,_._.

Unfbrtunat.elv, t hL, Ultl':_st)i,ic' I'c'stllts _l'e different from the neutron

diffraction results, _I'(_set, ebis, x,,'__,_,_al_'t4c,cl the portion of Fig. 2 near the

Lamdpoint, t;'igurel5 sl_(_ws tlat., zt_,lc,_.t-i_a po_'ti()_a with two added curves.

The two additional curv__,s _'c, tl_,/,_:,__1 II_.,/1-t I dispersion curves produced

using theOI Cs f_'on_ tI_c, _(:,t_t_'(_ _til'l'_':tcti{_n_nalysis. One sees clearly from

this figure that the Si/_t_¢l It_., SI II _t_(_(l_,cli._pe_'sion curves ft-ore the

ultrasonic techniques c_'oss _)vc_' _,',_r tl_e l,t_d point while those fi-om

neutron diffraction split t l_e_'e. '1'1_(_,_'c,:_._()_fb_' tl_is is [.hat the values fbr W_oo

are significantly d it'lb_'ent bc,twc, c,_ t_lt_':tsou_d and neutron diffraction, As

will be seen lat.er, of tl_(:,six ,_a_nl_l('._Ik_' x,,'l_icI_we have neutrondiffraction

data, all exhibit such ki,_ct _l' (li,_z,_(,(,_c.,_t.

When using t.h_._lCt)ul'ic,l'-pl_:_.-;_, 1_/_,II_(t, tl_c_'e exists an ambiguity of a

multiple of 2ni_ the t_l_._ec'_l)t_t:_i_, l;'i_,tl_e4 shows how much of shift

in the dispersion cu_'\,es _:_' (_c'_.t_'ii' :t I) t_s/',_i_us 2x phase error is

introduced in the dispc,_'si(),l ctl_'vc_('_)I_t_'t_cti()l_ p_'ocess, We have paid very

careful at, ten[ion to t.l_is l)r_l_lc'_ :_t c'_x'i_cc,(:l ou_'_aelves Cleat we have

selected correct: n_ultiple_ oi' '_)rri_ (_tt_'st[rely,
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Figures 5-7 show tl_c, Cc>_lll):lri._otl._[_'t w_.,c,nthe ODC values inferred

from ultrasonic tect_niqu_,s (bc)LII Iil_., c:_._a'lv_,l_tio_alSo and the barn6 mode

techniques) and neutron ctil'I't'actio,_. Six ._c,ts oi'data for each of the six

samples on which neut.rorl ,_c,asul'c, ttl¢:,I_t_ wc,l'o made are shown in each of

the figures. Separate syll_bols al'c, usc,d to clc,llote the correlations between the

conventional S0 and t.l_e l,tlnld lllude tlltl't_soilic measurements and the

neutron diffl'action wittl Ct_c,stl':_it_,,l_tlilaos bc,i_lg tl_e loci of' perfect agreement,

Figure 5 is the compariso_ lbl' \\'.l::!_llcl ICl,,. (_is the comparison for W44 o'J" _P1 '

Agreements are genel':_llv to xvitl_i__i.-1, 11) :{, witl_ two exceptions, This is the

order of accuracy ¢>bt.ained in l)l'c_\'il/u,a _ttl¢lios I 101. Considering the

nonsmooth sur[hoes on ali tl_u sat_lal¢,s, tl_c, co l'l'elations in Rigs, 5 and 6 are

satisfactory, Pigure 7, t_ow(.,v_,_.,sinews v_.,rv l)t)or a_'reement between the

ultrasonic and net_t.l'(_n l)l'_,clicti(_l_s ¢>l'\Vl_,,_. \\"c, do _ocunderstand this major

disagreement aC finis stung'c,.

We have _lso mnct_:, :_ cc>_l):ll'i.<_n lbl' tl_c, two dif'fbrenC ultrasonic

techniques. Pigure S sl_c>x,,'sI_>xx'tl_c, l..',tl_d _:_o(1o_'esults on W,lo0compare to

those obtained by t.h_ c:onvc,_ti_>r_:_lH,_tc,cl_,_i¢.ltlO, Relatively good agreement

can be observed in this (!_'tli'e,

Despite the poor agl'c, olne_,t I_¢,tx_'c,¢:,i_t l_o ultrasonic and neutron

cliff)action predictions o(' \VIo,_o_ tl_, :tllo\'._, i'e'_sonably goc>d agreement was

obtained on t,he pure AI s_l,_l)lo, wllicl, w:_s :_ttldied by X-ray rather than

neutron diffract.ion. This shc, e,t xx'_t._sttttli_,_t b_.,ti>l'owit,h the conventional S 0

technique using t,he zoro-cro._i,,_,, _,,_.,tl_¢l ',__¢1tl_, comparison between the

results from ul!t.,'a_ou,act anti X-,':,v x,.'t_._li)tl,_t;t saCisthctory [11]. Figure 9

shows, in addition to Ciae _'e._tllts I'_'<_n_ciae, previous study, t.he comparison of

X-ray results with Ciae l,a,_d ,_>_1_':_,_Iciae, S,_.n_o(tc_results f'ron_ the current

study. One can see from tills 15,,t_rc,()1:_ \Vlt/_i._c,st.i_nated from both the Lamd

mode and the S_ inoctc_ _otl_<_¢l._I':,ll ,,,,,i(lli_ ()_¢.,rzt_'e given by X-ray results

on the surfaces and inid-l)l:_¢.,. 'l'l,c, _,._(il_ttus lbl' W l_oand W,t4oare notbad

either, even thou_i_ they _,_'_,,,()t ;_l,,v:_v_witl_i_ ll_e X-ray limits.
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We have shown irl tills l_al._.,i,til:lt tl_c, l,tlrl_c.",Inodo properties can be

utilized to deterlnine tcxtul'c, it_ l)J:lt(.,> .-_ll_,<,tsloi'cubic t)olycrystalline

aggregates. In p_'incit)lc.,, tlli,_ ill(,tll(_<l I1:1._tile, advantage of requiring relative

rather than:_bsoluto ii_c,asu_'t,l,_,_t:, if I I,c, dvto_,,nintttion of'W4ooandbeing

not sensitive to. tt/o rue_lsur(,_,_(,,,_t _,_,_'i_'or t ll_, error in isotropic moduli,

Experimental results ()_1tile l)U_'<':\l sttllll.)lc.,s t_ax'e shown that,estimates by

the Lamd mode l.ochlli(itlc , :lt.(, ii/ _,.(_(_(.I:t.,._,,'lc,c,_loi-_t.with estimates by the X-ray

diffractionmetl_od, ()i_ t}lc, ott_c,l.,_j,l_':tll(_x' nan_ples, we }_avefbund that the

results from tl_e conve,_tio,_l tt.,cl_lliqtt_.'.__l't:, consistent with those from the

Lamd mode technique, t{owe, vo_,, li_,'tl_c'-_ix s_inl)les On which we have

neutron diffraction d_ta, tlltl'_tso,liu ,,_,st.llts fi_l, \V.iooare significantly

different f'rom t.hoso _l_t:ti,_.,(I l_x. I1_, _.li('(l",tuti_ Illethod, F'urther work is

needed to undel'st_t__d tills (]i,;zt_.:_'¢,l'l /¢'11
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Ames Imbol'atol'y i._ {_pC'l'tLt{,{I[i}l' {l_c,t l, S, l){.'l){ll'tl]lC,lat {}t'l_;nePgy by t,he

Iowa State UnivePsit, y undc,_, c{)lltl'tlct N{), kV-7.1{)5-I']n_,'-82, 'l'Ilis work was

supported by tile I)iPect, o_' f'{}l'l,,rac,'_,_>',,"I),{.,s_,,,_l,cll,{.)l'fico of' Basic I_nePgy

Sciences,
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GENERAL SUMMARY AND CONCLUSIONS

Ia Part I of this dissertation, relations between elastic constants and

texture parameters for hexagonal crystallites haw_ been developed, These

relations are the bridge between texture and anisotropy, Ultrasonic

measurements determine the material anisotropy which implies texture

through these relations, The relations are relatively simple: the elastic

constants are linear functions of isotropic moduli and texture parameters

(W/mn for l up to 4), With these relations, ultrasonic characterization of

texture of polycrystalline aggregates of' hexagonal crystallites becomes

possible,

In Part II, the influence of the material anisotropy on the disp_rsion

characteristics of guided plate waves has been investigated and discussed.

This part provides a theoretical foundation for wave propagation analysis in

anisotropic plates, Included are analytical expressions fbr dispersion

equations along with a few analytical solutions for some dispersion

characteristics. Through some numerical examples with different degrees

of' anisotropy, many interesting features associated with wave propagation in

anisotropic plates have been explored, The analytical equations presented in

this part have been frequently used in the rest of the dissertation,

In Part III, two pulse propagation models for dispersive waves have

been analyzed, Using these models, some important dispersion

characteristics can be obtained without going through complicated Fourier

analysis. Comparisons have been made between the predictions by the

models and the experimental waveforms obtained 11sing several plate modes

with the EMATs and the conventional piezoelectric transducers. It is fbund

that one of' the two models is favorable in our study and this model is used in

Part V as a teel in the analysis.

In Parts IV and V, the effects of dispersion on the texture
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characterization have been studied. These effects b,ad long been suspected to

play important roles in texture measurements but were not studied

quantitatively. With the development of the analytical equations and models

in Parts II and III, it is now possible to make in-depth investigations.

Part IV has shown how to obtain long wavelength limits of the So wave

from the finite wavelengthmeasurements. Two available approximate

methods have been evaluated for some representative texture. Through the

evaluation process, the importance of dispersion correction has been

demonstrate_ and the limit of the conventional S Omode technique has been _

established. The dispersion studied in this part is under theassumption that

the phase velocities of the finite wavelength So mode are correctly measured.

Part V has studied tile influence of dispersion on a popular but

approximate measurement technique. It analyzes one of the commonly

employed velocity measurement methods: the zero-crossing measurement

method in which the phase velocity of a propagating wave is calculated from

the variation of the time delay of a zero-crossing of a particular cycle within a

pulse as the transducer separation distance changes. This method is

rigorously correct only for nondispersive waves. By using one of the pulse

propagation models presented in Part III, it has been shown that the

measurement errors, which are introduced by treating the weakly dispersive

waves as nondispersive waves, do not really influence significantly the

accuracy of the estimates of ODCs, providing that the plate thickness is less

than 4 mm and a linear regression approach is used in the velocity

calculations.

Part VI has introduced the newly proposed Lam_ mode technique.

This technique utilizes the unique features of a special point, the Lam_ point,

on the dispersion curves of the SH1 and S Omodes. In particular, texture free

plates always have such a point, at which the dispersion curves of the two

modes touch each other tangentially. When texture is present, the

dispersion curves split or cross over in the vicinity of the Lam_ point. The
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amount of this split_ing or cross over is related to the texture parameters,

and a quantitative relation has been developed using the pe_urbation

method. Numerical evaluation of' the accuracy of the perturbation formula

has also been carried out and the results of the evaluation are satisfactory.

Part VII has extended the conventional ultrasonic techniques to the

texture characterization of hexagonal materials. It also includes the theory

and applications ofa newly proposed SH1 mode technique. The texture of two

hexagonal samples has been measured using both the nondestructive

ultrasonic method and the destructive neutron diffraction method. Values of

the ODCs from these two methods have been compared and encouraging

results have been demonstrated. However, some disagreements still exist

between the predictions by the ultrasonic and neutron diffraction

measurements.

Part VIII has reported experimental results on ten A1 samples using

the conventional So mode technique and the Lam_ mode technique proposed

in Part VI. Although the theory presented in Part VI indicates that the

Lam_ mode technique predictions of the ODCs should be better than the

conventional ones, it has been found that the results from the Lam_ mode

technique do not have a good correlation with the neutron diffraction results

for W4oofor the A1 alloys. They are, however, consistent with the results of

the conventional techniques. In spite of this discrepancy, relative good

agreements on the ODCs have been found for the results from the ultrasonic

measurements and the X-ray diffraction measurements on a pure A1

sample. Thispoint has not been clearly understood. Further work is needed

before this technique can be widely used.

Although the work presented in this dissertation was motivated by the

ultrasonic characterization of texture of polycrystalline aggcegates of cubic

and hexagonal crystallites, many of the equations, analysi._, and discussions

can be readily applied to characterization of other material,_ such as texture,

elastic anisotropy and moduli of composite materials. The dispersion
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equations and Rayleigh wave velocity calculations presented in Part II can be

employed in the study of wave propagation in many anisotropic plates. The

pulse propagation models analyzed in Part, III are applicable to any types of

dispersion, not just limited to that of textured plate waves, The analysis

method presented in Part V can be similarly adopted to any zero-crossing

velocity measurement system when dealing with pulses of dispersive waves.

The principles and methods of using orientation distribution function to

compute the effective elastic constants of the aggregates of anisotropic

crystallites can also be used in multi-phased materials, including

composites.

In addition to the work included in this dissertation, there are still

many interesting problems left unsolved in the area of ultrasonic

characterization of texture. These problems can generally be divided into

three categories' (a) texture description and formability analysis; (b)

ultrasonic techniques and measurement methods; and (c) the relations

between texture parameters and elastic constants.

In the first category, there is an urgent need fbr quantitative studies on

the influence of alloying elements or second phase materials within the

polycrystalline aggregates on the determination of tile texture of the

aggregates, since most of industrial materials are not pure or single phased.

In ad¢!ition, more works are needed to understand the relations between

texture parameters (an elastic property) and the formability (a plastic

property) of cubic and hexagonal polycrystalline aggregates.

In the second category, better understanding and applications of the

Lam_ mode technique are important. Application of this technique to other

cubic and hexagonal materials may also be of interest to see if similar

discrepancy as shown in Part VIII remains. Other ultrasonic techniques

may also need to be developed, particularly for the hexagonal materials. In

the area of signal processing of dispersive waves, a solution is needed to

determine the correct multiple of 2_ in the phase deconvolution computation.
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The relations between elastic constants and texture parameters

established in some literature and in this dissertation are approximate ones.

The approximations are made to make the development of analytical

relations possible, These relations are correct to the first order of

approximation. It may be the time to develop andevaluate some

sophisticated methods such as the energy method [3] through numerical

analysis to improve the existing relations.

It would certainly be of future interest to apply the methodology

developed for the texture characterization of polycrystalline aggregates to

composite materials as they become more and more important these days.
E
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APPENDIX, CALCULATION OF LONG WAVELENGTH

LIMIT OF THE So MODE USING FOLIRIEK PHASE METHOD

A time signal detected as an ultrasonic pulse arrives at a specific

location can be expressed as
t'

fit) = / A((o) exp[j(a)t-kx)i[ doe (A.1)
g

where A(co) is a function related to tt_e bandwldttl oi' tile signal, and k, tile

wave number, is a function of frequency co for dispersive waves,

The Fourier transfbrm of this signal is then

F(co) = A(CO)exp [-j k(co)x] = M(o)) exp [j(1)(co)] (A,2)

where M(a)) and d)(co) are the magnitude and phase of the Fourier transibrm

respectively, and A(o_) need not be a real function.

If two signals are obtained at two different locations x l and x2 with

respect to a common time frame, then the division of the Fourier transforms

of' these two signals becomes

F,_co___))= h2(co) exp [-j k(co)x2] = M,,ico) e×p [J¢2(co)] (h,3)
Fl(co) Al(co) exp [-j k(co)xl] Ml(co) exp [jOl(a))]

Thus, the phase difference, h ¢ (a))=(I)g co)--(I)l(co) of the Fourier transfbrms of'

the two signals is

AtP(CO)= -k(co)(x2-xl) or h(I,(co) = .k(¢o) hx. (A.4)

Often the two signals are not recorded with respect to the same time frame

(the trigger delays are different). In this case, Eq. (A.4) can be modified as

A(P(co)= coht- k(¢o) _,x (A.5)

where At=t2-t 1, tl and t2 are trigger delays of signals at x 1 and x2 respectively.

When estimating the phase difference A(I) from experimental data,

there is always an ambiguity of a multiple of 2u. In other words, the true

phase difference is the computed phase difference, Ad)c(m), plus 2nn, where n

is an integer. Thus Eq. (A.5) can be rewritten as



'2£_)

AqJe(C_))+ 2n_ = COAt, k(¢t))Ax (A,(_)

For _ignals generated by an EMA'P system, n can off,en be dotermirmd

from the raw received data, When the EMAT system is tuned for maximum

eft_eienw, ttae waves excited by the EMA'Ps have a period that is vecy close to

the EMAT period DI i,e,, the wave numbor'at the peak frequency f'p,,.k, wlaich

corresponds to ttao frequency of peak power spect;rum, should be clese to 2_/I),

Using this principle, one can determine n as the nearest integer to t,he

quantity an, where

un = t_,onkAt-Ax/D-k(I_c(fpo_k)/2r_, (A,7)

Once the n is determined, the dispersion curve in the el)oration area

can be obtained as

coAt. A¢_(co)- 2nn
k(m) = , CA,a)

Ax

The resolution of' the power' spectrum kf is governed by the sampling

frequency f_ and number of sampling points N: al=fiN, Typical sampling

t'requoney and sampling points in our study are 10 MHz and 1024 points.

'Phus Ai_0,01 MHz, Often a better resolution is required to compute the tpo_Lk,

Tc)de this, a parabola is fitted to the three points that have the highest

magnitudes, fponkis then the frequency where the maximum of the parabola
occurs,

To lind the wave number t_po.lt=t_(fpo.k),Acl>c(flm,,k)needs to bw

determined first, This is achieved by fitting a second order polynomial to

Ad)e(m) using the magnitude of the averaged power spectrum us the

weighting function, A(_c(fpo_tk) can be readily obtained once the polynomial
' Lq, (A,7) toequataon is established This A(Ie(tp_,nk)should be used in _

determine the quantity an and the nearest, integer n, Then kr,o_,kcan be

calculated using Eq, (A,8),

Occasionally, due to the filtering eitbcts of various electronic

components, which pulls the peak power spectrum away from the point 2rc/l),

the integer n determined from Eq, (A,7) is still off by one, In other words, ii'

we denote the integer obtained from Eq, (A,7) as n(_ the true n can be no+1, ta(),



or no-l, The I¢.po.kcalculated from Eq0 (A,8)then have three possibilities,

denoted as k+,ko, and k.., 'I'his ambiguity can be resolved by using the

follov,,ing rnethod,

Most textured materials are weakly anisotropic, Because of' t,his, the

dispersion characteristics of a textured plate or sheet are close to that of an

i.,_otropie one, Using the approximate isotropic dispersion relation given in

Eq, (5) of'Part V, fi'equencios corresponding to k+,ko, and k. can be computed

as f¢,fo, and f_, Comparing these frequencies to fpe.k obtained earlier, and

1.u_derthe assumt_tion that the textured response should be close to the

isotropic response, one of the three should be very close to fpo_k, The correct

choice of n should be the one corresponding to this frequency,

After the value n is selected, k becomes known and the phase velocity oi'

the peak frequency is Vp_ak=2Pfp_,.k/kp_,nk, Dispersion correction can now be

performed using the Thompson's method described in Part IV and the ratio '

Viim/Vso can be determined for k=kp_,nk, The long wavelength limit oi' the SO

mode becomes Vii m = Vpeak(Vlt m/Vso)kpt, uk,
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