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ABSTRACT 

Experimental investigations and theoritical considerations of long acoustic cladded 

buffer rads are presented and their ~uperiority over llncladded rods is shClwn. These rods 

consist of a core and a clJdding which are 50 designed ta confine acollstic energy in the 

core, giving rise to a perfel;t guidance. Different rads with different core dopant material, 

concentration and profile were designed and thdr acoustic performance was studied by 

ultrasonic pulse-echo experiment. Tapered rads are also introduced. A claddea silica rod of 

r. large diameter is tapered gradually to a rod of a small diameter and gives it the ability to 

'Je used where tiny l'eatures or openings are dealt with. Novel metalic acoustic rods bo~~ 

cladded and uncbdded are presented and a comparison is made between these rods and 

conventional metal rads. Acoustic lenses are fabricated at the end of a few rods including 

cladded silica tapered silica and cladded metalie rods and ultra sanie focus and unfoeus 

measurements carried out at 5 and lOMHz are presented for all the rads. 

Finally, the application of our unique rads at elevated temperatures is discussed. 

Ultrasonie measurements are pelfonned at medium temperatures (up to 27 0°C) on a high 

viscosity liquid and at high temperatures (araund 750°C) on molten aluminum. It is .shawn 

that our cladded acoustic rads are praper candidates for use at high temperatures ta monitor 

the properties of molten metals specially good for molten aluminum or low melting point 

temperature (below lOOO°C) metals. 
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RESUME 

Une étude expérimentale et théorique des longues liges acoustiques avec gaine est 

présentée et leur superiorité sur les tiges sans gaine est démontré. Ces tiges ont Ull coeur et 

une gaine et elles sont conçues de telle sote que l'énergie acoustique y SOil guidée. Phuieurs 

tiges avec différents matériaux de doping, différentes corlcentrations et diffc:rents profiles 

acoustiques pour le coeur ont été fabriquées et les rendements acoustiques ont été étudiés 

avec des mesures de pulse-eeho. Des tiges avec des extréOl~L~<: pffilées ont aussi été étudiées. 

Une tige avec une gaine dp. silica d'un grand diamètre est éffilée graduellement. Ainsi des 

liges de petit diamètres peuvent être fabriquées, rendant l'accès des tiges à des cavités avec 

une petite ouverture, possible. Des tiges de métal d'un noeveau type, avec et sans game sont 

étudiées pour la première fois, et une comparaison avec les tiges de métal conventiol1nelles 

y est présentée. Des lentilles acoustiques sont fabriquées sur les bouts de certaine~ tiges et 

des mesures ultrasoniq ues (avec et sans focus) sont réalisées à des fréquences de 5 et 10MHz. 

Les applications de nos tiges à des températures élevées sont discutées. Des mesures 

ultrasoniques S',,:1t réalisées à des températures moyennes (jusqu' à 270°C) pour des liquides 

avec une grande viscosité, et à des températures élevées (750°C pour l' alumll1um en fonte. 

Nous démontrons ainsi la supériorité de nos tiges acoustiques avec gaine, comme moniteur 

des propriétés des métaux en fonte à températures élevées, tout spécialement comme 

moniteur des propriétés de l' aluminum en fonte et des métaux avec une basse température 

de fonte (en-dessous de lOOOOC). 
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CHAPTER 1: Introduction 

For the past several decades, ultrasonic inspection has been widely employed in the 

industry to nondestructively evaluate the quality of materials, characterize materials and 

detect subsurface defects, etc. For example, in metallurgical industry the unique ability of 

ultrasonic waves to "see through" liquid mctul is exploited to detect anomalous behavior 

within the melt [1 ],[21. Today ultrasonic pulse-echo techniques are in widespread use for 

the nondestructive evaluation of materials. Since these techniques are sometimes applied 

in adverse conditions such as elevated temperatures [lH4] and pressures [5], buffer rods 

are often necessary to avoid exposing the ultrasonic transducer to such conditions. In 

addition, long and small diameter buffer rods are sometimes required to probe materials 

inside a closure which has only tiny accessible openings. 

In man y ultrasonic measurements employing a buffer rod, a test sample is attached to 

one end, and the echoes coming from the sample are analyzed to obtain ultrasonic veJocity 

and attenuation [1],l4], or to detect voids or inclusions in the test sample. However, sorne 

spurious echoes may be present dlle to the wave diffraction and the finite rod diameter. Such 

echoes are unwanted because the y always arrive later th an the directJy transmitted or 

reflected longitudinal echoes and rnay interfere with the desired signais from the sample. 

These unwanted echoes are refen'ed to as trailing echoes [6]. The ultrasonic signal strength 



( 
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is also weakened becuuse of the wave diffraction. Previously Jen et al reported isotropie 

buffer rods with a notched periphery and a tapered shape [7) and anisotropie single crystal 

buffer rods with a eollimating or focussing mechanism for a particular mode [8] to eliminate 

these trailing echoes. 

In this thesis theoretical considerations and experimental measurements of one additionaI 

type of long acoustie buffer rods with low trailing signais are presented. They are cladded 

rods with small velocity differcnces between core and cladding. Here, a novel type ofmetallic 

rods bath uncJadded and c1added with high acoustic performance are presr~ted. Since in 

this work acoustic imaging through J liquid couplant, which does not support shear wave, 

onto the sample is of our main interest, mostly longitudinal acoustic waves are considered. 

However, to complete this study we performed a set of shear pulse-echo measurement on 

our buffer rods and also measlll'ed their shear acoustic velocity profiles. The applications 

of SUCII dadded buffer rods for acoustic imuging at high temperatures and/or high fre

quencies, and our unique metallic acollstic probes are the main original contributions ofthis 

thesis. 

Chapter 2 indicates the need for the improvement of the reported buffer rods. Theoretical 

considerations and some experimental measurements of the cladded buffer rods are also 

given. The performance of acoustic rods a:1d cladded rods having radially graded velocity 

profiles are considered and discussed. Both longitudinal and shear ultrasonic pulse-eeho 

measurements are presented and the superiority of cladded rods over uncladded rods is 

concluded from the exceJJent results of these experiments. A spherical concave lens is also 

fabricated at the end surface of these rods. The lens fabrication process and focus mea

surements are given and the focussing behavior is shown. At the end of chapter two the 

effect of a center dip appearing in the velûcity profile along the radial direction, on the 

acoustic performance of the cladded rods is discussed. 

In chapter 3 cladded rods with very smalt diameter, proper for working where tiny 

features are dealt with, are presented. The ultr3sonic characterization and measurements are 

also given. 

Metallic acoustic buffer rods are presented and discussed in chapter 4. For the first 

time a new kind of metallic rod fabricnted by Ohno Continuous Casting (OCC) method is 

used as an acoustic buffer rod. A comparison between these rods and conventional metal 

rùds is made. Through a set of pulse-eeho measurements, It is shown that the OCC rods 

2 
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have better acoustic performance over the conventional rods. The nice features of the OCC 

method are briefly discussed. A cladded type of OCC rods was also designcd and its excellent 

acoustic behavior is shown. An acoustic lens is also fabricated at the end of this c1added 

rod, the focus measurements are presented and the focussing behavior is shown. 

An additional original contribution of this WOIk is prcscnted in chapter 5 wherc the 

"pplication of our long acoustic cladded buffer rods at elevated temperatures is presented. 

The cladded rod is used as an acoustic imaging probe at high temperatures. Ultrasonic 

pulse-eeho measurements are performed at high temperatures on molten alurninulTI. The 

results show that our c1added buffer rod is on excellent candidate as an acoustic probe proper 

for use at elevated temperatures. Finally, an overall evaluation of the c1added buffer rods is 

given in chapter 6 . 
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CHAPTER 2: Long Acoustic Cladded Buffer Rods 

As mentioned earlier, one concem in ultrasonic measurements with long buffer rods is 

that the unwanted trailing echoes may overlap with thl, desired echoes from the sample. The 

ratio between the energy sum of aIl trailing echoes over that of the first arrived longitudinal 

echo may be used to evaluute the degree of diffraction in the rod. In order to reduce this 

ratio one obvious method is to increase the diameter or shorten the length of the rod. However, 

in this chapter a type of long buffer rod but with low spurious signaIs is presented and 

discussed. That is the 101lg acollstic c1added bllffer rod. 

2.1 Experimental System and Isotropie Buffer Rods 

In general, a typical u1trasonic imaging s}stem used to image samples which are 

immersed in a liquid, is composed of a pulser and a broadband receiver operated in the 

pulse-eelto mode, broadband longitudinal wave transdueers and a mechanical raster scanner. 

Figure 2.1 a shows a common 1I1trasonic pulse-eeho measurement arrangement which 

consists of an 1Iltrasonic transdllcer without a buffer rod, a liquid couplant of distance d and 

a fIat and parullel sample of thickness h. In Figs. 2.1 band 2.1e the eeho So is the reflected 

longitudinal eeho from the sample surface and echoes SI' 52' 53 .... are the eehoes traversing 
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back and forth between the top and bottol11 surfaces of the sample. Figure 2.1e is a zoomed 

image of 2.1 b. If h is known and acoustic travelling lime th in the sample is measured, then 

the ultrasonic velocity v of the sample can be oblained l'rom the relation v == 2h/th • A typical 

measurement is given in Fig. 2.1 b where t,l = 2d/vw is the acoustie delay time in the liquid 

couplant and V w is the longitudinal velocity of the liquid couplant. 

If a buffer rod is to be used in the ubove measurement to isolate the transducer from 

liquid couplant or sample it should not prevent the measurement of, for instance, v of the 

sample. However, this is not possible if u butTer rod is not chosen propcrly. Figures 2.2 and 

2.3 show the 5 and lOMHz reflected echoes through a 250mm long Pyrex glass rod of lOmm 

diameter. The eeho Boo, is the first longi tudinal arrivaI. Echoes Bu l, Bo 2, Bo 3, .... are the 

so-called trailing eCP0es [6] which result from the wave diffraction and finite rod diameter. 

The arrivaI time delay differenœ between echoes Buo
, and Bol, (or Bol, and Bt? .. etc.) 

defined as tr was found to be l6] 

2a / cos e 2a tan e 
tr= -

Vs VL 
(1) 

where a is the rod radius; e is equul to lIin'\(vJvJ; Vs and VL are the shear and longitudinal 

wave velocities in the isotropie rad. 

It is obvious that this type of buffer rod cannot be efficiently used in ultrasonic mea

surement or cvaluation of materials. Because there is always a possibility that the desired 

echoes from sample or from the material under inspection overlap with the trailing echoes. 

To eliminate the trailing echoes and to enhance the signal strength of the desired eello cladded 

rods are introduced. Theoretical considerations and experimental results are presented and 

discussed in the next sections. 
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Figure 2.1 (a) A eommon ultrasonic pu[se-echo measurement with an ultrasonic trans

ducer, a liquid couplant and a sample. (b) A typieal measurement result of(a). (e) TM 

z()Omed picture of (b). 
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Figure 2.2 (a) The reflected 5MHz longitudinal echoes through a 250mm long, /Omm 

diameter pyrex glass rod. (h) The zoomed picture of (a). 

Figure 2.3 (a) The reflected lOMHz longitudinal echoes through a 250mm long, /Omm 

diameter pyrex glass rod. (h) The zoomed picture of (a). 
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2.2 Claddcd Rods Under Weak Guidance Conditions 

A cladded acollstic buffer rod consists of a core and a cladding as shown in Fig. 2.4. 

Under certain condition~ it can support elastic waves propagating within the core area. An 

acoustic buffer rod is characterized by the material density. p, bulk longitudinal wave 

velocity, Yt , and bulk shear wave velocity, Ys' In general, the guidance of acoustic wave 

within the core area requires thut the shear wave velocity of the core be sm aller than that of 

the c1adding, i.e. 

Vs rORE < V S.CIAD 

If this velocity difference is less than a few percent, the acoustic energy launched into 

the core is under weak guidance. Such acoustic rods are called weakly guiding acoustic rods 

which have the advantage of low acoustic dispersion. Under the weakly guiding conditions, 

according to the definition ubove, we have [9J; 

or; 

~/,2 - \"1 1 P2 -PI 1 
where crs = -v- and O'p = -- , In the expressions the subscripts 1 and 2 correspond to 

,l Pl 

the core and c1adding regions, respectively. 

For guidee! acollstic wuves the particle displacement vector ü can be expressed as [9]; 

--where (j> and 'fi are the sculur und vector potentiul functions. They are governed by following 

eqllations [9]; 

(2) 

and 
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-cp and 'JI are generally coupled each other to satisfy the boundary conditions between the 

rod core and the claddlllg. But under the weak guiding conditiofl~ the two equations are -approximately uncoupled, i.e. the solution 4> and solution '1' can satisfy the boundary 

conriitions independently. 

Solving the equations give-; four types of guided acoustic modes existing in such rods. 

They are Flexural mode (F), Torsional mode (T), Radial-axial mode (R) and longitudinal 

mode (L). The particle displJcement romponents of the lowest order of each mode is shown 

in Fig. 2.5. 

It is important to point out that the F, T. and R modes are ail guided mode.i if guiding 

conditions are met but the Jongitudinalmode is also guided but leaky, which causes prop

agation loss for this mode. L modes are perfectly guided only if the densities and the shear 

wave velocities of the core and the cladding are sarne, and the longitudinal velocity of the 

core is less th an that of the cladding [10]. 

Cladded acoustic rods consisting of core and cladding are much preferred over uncladded 

rods because: 

(1) the acoustic energy is guided in the core lherefore the first eeho from the end of the rod 

loses little energy and remains strong after a long propagation path. 

(2) few trailing echoes exist. 

(3) no leakage exists when they are imrner~ed in liquids. 

(4) no cross-talk exists if c1added rads are in contact one another. 

Weak guidance, which states that the velocity of the core is slightly « a few percent) 

less than that of the cJadding, provides low dispersion [11]. Boyd et al [12] demonstrated 

flexural (Fll mode) acouslic wave long delay lines using c1added fiber rads operated in tens 

of MHz. Jen provided some ex amples of applications using guided longitudinal waves in 

the cladded rods [10]. 
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The details of the analysis of acoustic modes in weakly guiding cladded rods can be 

found in Refs. flO],[11]. Let V be the nonnalized frequency defined as 

v = 21tfa 
VL.cor.(1- n2

)tl2 
(4) 

where 

(5) 

If V i5 less than 2.405, only the 10we5t longitudinal mode (L01 ) can he guided [11]. Fur

thermore, under weak guidance the LoI mode is close to a planar longitudinal wave. 

Cladding 
P2' VL2, V 52 

Figure 2.4 A c/added acoust;c rod, consisting of a core and a cladd;ng. 
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Figure 2.5 The dominant particle dis placement components of the lowest order of (a) 

Torsional, (b) Radial-Axial, (c) Flexural and (d) Longitudinal modes. 

2.3 Cladded Glass Rods With Radially Graded 

Acoustic Velocity Profiles 

Glass rods having a grade<! index ofrefraction aIong the radial direction are commonly 

used in optical lens design. They are referred to as graded-index (GRIN) lenses [13] or 

SELFOC rods [14]. The parameters that define the index distribution provide valuable new 

degrees offreedom for designers of optical imaging syster.1s [13]. Previously, Jen et al in 

their work on the acoustic characterization of doped fused silica optical fibers fabricated by 

the modified chemical vapor deposition method. have demonstrated that such fibers having 

step or graded refractive index profiles aIso exhibit step or graded leaky surface acoustic 
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velocity variations re~pcct Ively [15],1161. Bere we show that glass rods having radially 

graded acollstic vclocity profiles can be also used as long acoustic buffer rods with low 

spurious signaIs. 

The techniqucs to fabricate such ORIN lenses or SELFOC fibers are ion exchange, 

chemical vapor depo~ltion. ~ol-gel, etc. They are commercially available. Jen has ShOwëd 

an analogy between weakly guiding optical and acoustic fi bers [17], and has also showed 

that rods having graded acoustlC velocity profile in the radial direction possess similar 

"focussing" behavior existed as in counterpart optical ORIN Jens [16]. It means that dif

fraction in such buffer rods exists to a lesser extent. 

Since both blllk ~hear (S) and longitudinal (L) acoustic waves are present in an isotropie 

gla~s rod. III conti a<;t to optical waves for which only the S wave exists, acoustic profiles of 

ORIN rods should be evaluated for both Sand L wave~. However, it appears that there has 

been no repon abolit sllch measurement. It has been found that the leaky surface acoustic 

wave velocity, V l .5AW. and leaky surface skimming compression'\l acoustic wave velocity, 

vLSSCW, could be measured using the Vez) analySlS of a retlection scanning acoustic 

microscope (SAM) [161.[181. It is weB known that transverse components play a major 

influence on "L!>A\\; therefOle, we expect that the profile of S wave is close to that of VLSAW' 

Funhennore, becaul)e the velocIty of the surface ~kimming compressional wuve in an iso

tropjç material i~ neally the saille as that of the L wave, velocity profile of leaky surface 

skimming compres'iional waves, VLSsew• is expected to be close to that of L wave in the 

ORIN rod. For lIlS1anCe, for fused silica VslVLSAW= 1.02 and vslvLSSCW= 1.014. In our study 

we have measured V LSAW and VLSSC'W profile~ and found that ORIN rods also have graded 

V LSAW and Vl.\sew profiles. The acoustic profiles (VLSAW and/or vLSsew) for our cladded rods 

are also given in this chapter. 

Equation (4) lIldicates that a higher value of V of a cludded acoustic rod means a larger 

llul1lber (1'\) of propagation modes inside the core, and also higher pulse dispersion for a 

broadband aColl~tlC pulse. Dunng nondestnlctive evaluation of materials we often require 

higher frequency operation which leads to hlgher value of V and N. In the counterpartoptical 

fiber system, c1added glu\s fibers having a core with radially graded refractive index profile 

are used in order to reduce the modal dispersion [14J. We expect a similar behavior for 

cladded acoustic rods. 
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We have carried out uilfasonic pulse-eeho measurements on both ~tep and GRIN type 

of cladded rods and the measuremcnts are given in the ncxt sections. By cOl1lparing the 

results of the nearly the sa me step and ORIN rods wc can say that ORIN cladded rods have 

less dispersion and low spùrioll'; signal. This comparison ha~ been made by Jen (191. Two 

350111/11 long Ge02 cladded gla~~ buffer rod~ which con~ist of a core of -2.4111111 radiUS and 

a cladding of 2.5mm thick were llsed. The vanations of the index for thc~c t\\lO rod~ are stcp 

and graded. The measured Vl.sAW,ccntjvL~Aw,d~d ..." 0.93. By comparing thr echoes rctlected 

from the end of these rods il \Vas concluded that for multimode acoustic propagation the 

cladded rod with a core having graded velocity profik has !css dispersion. low spllriolls 

signal and also less wave diffraction exists in GRIN rod. 

2.4 Waveguide Materials 

Table 2.1lists four material candidates as buffer rods. Most of these waveguide materials 

can operate in the temperature range up to lOOO°C. It is still dlfticult to find a good cladded 

acoustic buffer rod which can operate at molten steel temperature (1 650°C). For a focussed 

spherical transducer since the spherical aberration is inversely proporlIonal to the velocity 

ratio (Vbuffer ro)v,ourllng h'lU'd) [20], high velocity mu te ri al is preferred for 11Igh rcsolution 

applications. 

At present lime we have fused siliea cladded rods provlded by Mr. L. Bonneil and Dr. 

K. Abe of National Opties Institute at Ste Foy, QlIebec. Mr. H. Soda and Professors A. Olmo 

and A. McLean at University of Toronto supplied us with metallie rods and cladded mctallic 

rods. 

In this study we have mainly used fused siiica rods with different core dopant materials 

and different concentrations. Glass rods are of great interest because their potential supplier 

can be any one in the optical fiber research or productIOn institute. The other advantages of 

glass over other isotropie materials are their light weIght, cheap and abundant. In addition, 

the weak acoustic guidance conditions can be easil)' obtained ll',ing lhe exi~tlng glass fiber 

fabrication technologies whieh produce fiber~ with core and cladding matcriab made of 

pure or doped fused silica. In order to deSIgn a desired glass acou<,uc rod the fundamental 

knowledge of the acoustic properties of the!>es glasses must be known. Effccts of the con-
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centralion of some common dopants on acollstic velocÏties and densities have been reported 

in reference [21]. Metal rods are also studied. Their advantages over glass and othermaterials 

are discussed in chapter 4. 

Table 2.1 Buffer Rod MateriaJ Considerations 

Materials Acoustic Themml Machining Other Properties 

Att. Shock 

Fused Low Medium Difficult Diameters can be varied 

Silica easily. 

Metallic Medium High Easy (lfe) 

Single Crystal 

Advanced Low Low Difficult Some have high acoustic 

Ceramics velocities. (*) 

Non-Metallic Very Low Difficult Only for very high 

Single Crystals Low frequencies. (*) 

* In the radial direction of a cladded rod graded acoustic velocity profiles are easier to he 

obtained than step. 

2.5 Burfer Rod Profile Measurements 

2.5.1 Sample Fabrication 

Five glass uhrasonic buffer rods, as listed in Table 2.2, sorne with a graded index and 

sorne with a step index profile were lIsed in the experiments. They were fabricated by the 

National Optics Institute (NOl) using a modified chemical vapor deposition (MCVD) 

method [22] which is a standard technology to fabdcate optical fibre preforms. So far, NOl 

has been the only supplier which can provide us the designed acoustic profiles. Silica rods 

were doped with GeOl , p20s. and Ti02 to form a core and a cladding. These rods, as shown 

in Fig.2.6 and listed in Table 2.2 have been made to lengths of up to 400mm. 
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2.5.2 Acoustic Velocity Profile Measurements 

Since it is very difficult to obtain the radial distribution of bulk longitudinal. vL• and 

shear wave velocity. v s' for small diameter rods, an approach which uses reflection scanning 

acoustic microscopy (SAM) and the V(z) technique to obtain leaky surface acoustic wave 

(LSA W) and leaky surface-skimming compressional wave (LSSCW) velocities is used 

[16],[18]. Such measurements have been reported previously using .1 775MHz point focus 

beam (PFB) SAM [15] and the accurucy was about 2%. Bere, a 225MHz tine focus beam 

(LFB) SAM [18] is used. With this microscope for optical polishecl fused silka plate~, V1.<;AW 

velocity measurements with accuracy better than 0.02% has been obtuined [ 18]. The velocity 

measured was along the direction perpendicular to the LFB and parallel to the radial direction 

of the rod. The 775MHz PFB SAM offers better spatial resolution, but the 225MHz LFB 

SAM provides higher accuracy in velocity measurements due to the higher signal-to-noise 

ratio especially for LSSCW. 

Due to the defocussing requirement of V(z) measurements, the measured velocity 

represents an average value over the defocussed area which is about 150llm by 1000llm for 

the LFB SAM. Ail the samples, as shown in Fig.2.7, for the LFB SAM were eut to 

approximatelya 6mm thickness and then polished; the last and the finest polishing step was 

with a mechanical-chemical (O.06Ilm) polishing. Sinœ the I.SSCW is very weakly excited, 

the signal-to-noise ratio for such a wave is much less tr.an that for LSA W, hence less accuracy 

is available in vLSscw measurements. More studies are required in order to understand the 

effects of graded velocity profiles on the measurement accuracy. However, detailed 

descriptions for the V(z) measurement of the LFB SAM is given in [18]. Because LSAW 

and LSSCW have predominantly shear and longitudinal wave components, respectively, 

their velocity profiles can be regarded as those of Vs and VL [16]. 

The LSA W and LSSCW velocity profiles of the 6.1 % Ge02 doped ~tep and 8% Ge02 

doped ORIN index rods, the 3.5% Ti02 doped step index rod and 9.8% P20~ doped step 

index rod are shown in Figs.2.8 to 2.11, respectively. The scan-line was also across the rod 

center. Since the LFB SAM only measures the average velocity ovcr a 150llm by lOOOJ.1m 

area and the measurements have becn taken at a distance of 0.1 mm/~tep, the fine details 

appearing in the optical refractive index profiles [15],[16],[21J cannot be seen in the cor-
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responding acoustic meusurements. It is noted that there exists a center dip in the refractive 

index profile of the rods made by the MCVD method [22]. However, this dip cannot be 

clearly seen by our SAM method due to the relatively poor spatial resolution. 

Table 2.2 Description of the glass rods used in our experimellts 

Glass Rod Core Dopant Cladding Acoustic Length Core Total 

No. Profile (mm) Diameter Diameter 

(mm) (rrrn) 

1 Pyrex Glass UNIFORM 250 ---- 10 

2 6.1% Ge02 Si02 STEP 182 4.8 12.1 

3 8% Ge02 + Si02 ORIN 392 5 9.4 
3.5% P2O!! 

4 5.2% Ge02 + Si02 ORIN 395 5 9.9 
3.5% P20~ 

5 3.5% Ti02 Si02 STEP 260 2.2 8.0 

6 9.8% P2O!l Si02 STEP 400 4.6 9.4 
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Figure 2.6 Two long cladded buffer rods /abricated by the MCVD method at National 
Optics Institute. 

Figure 2.7 Some o/the samples used in the UB SAM measurement o/the acoustic 
velocity profiles. 
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Figure 2.8 Acollsric l'elocity profiles of the 6.1 % Ge02 doped srep index glass rod. i 
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Figure 2.9 Acoustic velocity profiles o/the 8% Ge02 doped ORIN glass rod. 
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Figure 2.11 Acoustic velocity profiles of the 9.8% P20s doped step index glass rod. 
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2.6 Ultrasonic Pulse-Echo Measurements 

2.6.1 Longitudinal Waves 

Ultrasonic pulse-eello measurements were earried out on all the rods listed in Table 

2.2 at 5 and lOMHz frequencies. A single transdueer was used as both transmitter and 

receiver. We used 6.35mm diameter longitudinal transdueers (5 and lOMHz). Transducer 

was attached to one end of the long buffcr rod and the eehoes reflected from the other end 

of rod were studied. In ail the measurements commercial gel was used as the ultrasonic 

couplant between the transducer and the rod The position of transducer was very important 

and it was adjusted so thm i ts center is aligned with the center of the buffenod. The condition 

of the end surfaces of the rods were also found to have an affect on the measurements. Both 

end surfaces have to be nat and smooth and they were polished by 400 grid sand paper. 

The reflected echoes through a 250mm long and lOmm diameter pyrex glass rod (rod 

No. 1) which has a unifonn acollstic velocity profile across its diameter were sl.l)wn in 

Figs 2.2 and 2.3. From these figures we can see that there are many trailing echucs (Boo. 

Bo·, B02, B0
3 
.... )existing and they are much stranger than the desired eeho i.e. BoO, the first 

longitudinal arrivaI from the end of the rod. Because of the wave diffraction the acoustic 

energy which in ideal case shollid be carried by the desired eeho, now is distributed among 

the unwanted trailing echoes, hence. even the third longitudinal arrivaI couldn 't be observed. 

The results of pulse-echo measurements for the cladded rods are shown in Figs.(2.12. 

2.13) to (2.20.2.21) at 5 and lOMhz fOL rods number 2 to 6 respectively. The goal here is 

to show the better acollstic performance and the superiority of cladded rods over uncladded 

ones. At 5MHz aIl the rods except rod number 5 show a better performance compared to 

uncladded glass rod and there are li ttle or no trailing echo existing. For ex ample if we look 

at the 5MHz reflected echoes (Fig.2.16) of 395mm long and 9.9rnm diameter cladded GeOz 

doped rad (rod No. 4) there exists titde u-ailing eeho what so ever. Echoes BoO, BIO. B2°, ... , 
are the echoes traversing back and forth between the top and bottom surfaces of this rod. 

This rod is 145mm longer and a bit naITOWer than the. pyrex glass rod. but due to high 

perfonnance ofthis cladded rod we could see even the third echo for which the total ultrasonic 

path is more than 2.3 meters and still no trailing echoes exist. Figure 2.20 shows the 5MHz 
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1 refleeted eehoes throllgh a 400111111 long and 9.4mm diameter P10~ doped cladded rod. This 

figure clearly indicates the superiority of this rod over unc1added one. Even the 5th and 6th 

eehoes for which the 1Iitrasonic total path IS more than 4.5 meter cOllld be observed and only 

a liule spunous signais exist. Rod No. 5 does not show a superiority over pyrex glass rod 

at 5MHz frequency. One reason IS that the core-cladding boundary of this rod is Ilot unifom} 

and it is abo narrower compared to the othcr rads, hence, 5MHz acollstic ~aves are not weil 

guided in these rods. However, even for this rod we can see a mllch bettcr acol1~tic per

fonnance compared to lIncladcled pyrex gla~s rod at higher freqllencies. This can be clcarly 

seen from the experimenrs carried out at IOMHz. 

At 10MHz the difference between the echoes obtained from uncladded and c1added 

rods is more c1ear. AIl the cladded rods show better acoustic performance compared ro 

uncladded one. As it couin be seen From Fig.2 3, there are man y trailing echoes existing for 

uncladded pyrex glass rod. Figures 2.13,2.15, ... and 2.21 show the lOMHueflectedechoes 

through rods number 2 ta 6 rec;pectively. Ali these rods pelform very weil acoustically. Rod 

2 is a 182mm long and 12.1 mm thick Oe02 doped step index cladded roli. Figure 2.13 shows 

the excellent behavior of this rod for which there exist little traiiing echoes or spurious 

signaIs. The Boa echo is very nice and sharp showing the concentration of the acoustic energy 

in the core without any diffraction. The second, third and even up ta the seventh echo were 

observed and they have nearly the same quality (the seventh echa travels more than 2.5 

meter). The resllit for the 8% Ge02 doped GRIN profile cladded buffer rod is shown in 

Fig.2.I5. For Lhis rod some trailing echoes were obser.'ed but arr, much weaker cornpared 

to the first longitudinal arrivaI, B"o. The meaSllrement for rod 4 is shown in Fig.2.I7. This 

rod has high performance and the echoes are in ideal fonn. Rod 4 is narrawer than rod 2 

and two times longer but still performs as weil or even better. The echoes for the Ti02 doped 

step profile cladded rod is shown in Flg.2.19. The echoes for the 9.8% P20~ doped step 

profile 400mm long cladded buffer rod is shown in Figs.2.21. Again the good acoustic 

behavior can be seen Le. sharp signaIs with liule trailing echoes. For the seventh echo the 

total ultrasonic path was 5.6 meter and still the signal was in good shape. This is a strong 

proof for good longitudinal wave guidance in the core. Finally, the 30MHz measurement 

forrod 3 is shown in Fig.2.22 and it is shown that at this frequency there is almost no trailing 

eeho. At higher frequencies attenllation is higher but due to the better confinement of the 

acoustie energy in the core there are fewer spllrious signaIs present, the signal to noise ratio 

could be better. 
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Our experimental re!\ults presented in this chapter confinn that because the acoustic 

energy is guided in the core, therefore: (1) the first longitudinal arrivalloses a Httle energy 

and remains strong after a long propagation path, (2) only Httle trailing echoes exist We 

also immersed them into water and brought them into contact with each other and confinned 

that: (1) there was no leakage when they are immersed in liquids, (2) there is no cross-talk 

when they are touched one another. Hence, we conclude that the cladded rods are preferred 

over uncladded ones and are excellent candidates as ultrasonic bt:ffer rods. 
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Figure 2.12 (a) The reflected 5MHz longitudinal echoes through a /82mm long cladded 

glass rod (No. 2). (b) The zoomedpicture ol(a). 

Figure 2.13 (a) The reflected IOMHz longitudinal echoes through a 182mm long cladded 

glass rod (No. 2). (h) The zoomedpicture ol(a). 
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Figure 2.14 (a) The reflected 5MHz longitudinal echoes through a 392mm long cladded 

glass rod (No. 3). (b) The zoomedpicture ol(a). 

Figure 2.15 (a) The reflected lOMHz longitudinal echoes through a 392mm long cladded 

glass rod (No. 3). (b) The zoomedpicture of(a). 
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Figure 2.16 (a) The reflected 5MHz longitudinal echoes through a 395mm long c/added 

glass rod (No. 4). (b) The zoomedpicture of(a). 

Figure 2.17 (a) The reflected lOMHz longitudinal echoes through a 395n"" long cladded 

glass rod (No. 4). (b) The zoomedpicture of(a). 
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Figure 2.18 (a) The reflected5MHz longitudinal echoes through a 260mm long cladded 

glass rod (No. 5). (b) The zoomedpicture oi(a). 

Figure 2.19 (a) The reflected 10 MHz longitudinal echoes rhrough a 260mm long 

cladded glass rod (No. 5). (b) The zoomedpicture 01 (a). 
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Figure 2.20 (a) The reflected 5MHz longitudinal echoes through a 400mm long cladded 

glass rod (No. 6). (b) The zoomedpicture of(a). 

Figure 2.21 (a) The reflected lOMHz longitudinal echoes through a 400mm long cladded 

glass rod (No. 6). (b) The zoomed picture of(a). 
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Figure 2.22 The reflected 30MHz longitudinal echoes through 0 392mm long cladded 
glass rod (No. 3). (b) The zoomed picture 0[(0). 
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2.6.2 Shear Waves 

Ultrasonic shear pulse-echo measurements were also carricd out on aU the rods listed 

in Table 2.2. The transducer was a 5MHz 6.35mm diameter shear transducer and a very 

high viscosity gel was used as uItrasonic couplant between the transducer and the end surface 

of the buffer rad. 

Our measurement results are shawn in Figs.2.23 ta 2.28 for rads number 1 to 6 

respectively. Although the acoustic attenuation in pyrex glass is higher than that in fused 

silica however, our shear pulse-echo measurements suggest that c1added rods have a higher 

signal strength and a narrower pulse width. For the shear waves, since the mode conversion 

process [61.[7], which is the sOlll'ce of trailing echoes for longitudinal waves, does not exist, 

no trailing echoes exist for either cladded or uncladded rads, so from this point of view the 

cladded and uncladded rods are the sume. 
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Figure 2.23 (a) The reflected 5MHz shear echoes through a 250mm long pyrex glass rod 

(No.l). (b) The zoomedpicture o/(a). 

Figure 2.24 (a) The reflected 5MHz shear echoes through a 182mm long cladded glass 

rod (No. 2). (b) The zoomedpicture offa). 
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Figure 2.25 (a) The reflected 5MHz shear echoes through a 392mm long cladded glass 

rod (No. 3). (b) The zoomedpicture of(a). 

Figure 2.26 (a) The reflected 5MHz shear ec/wes through a 395mm long cIadded glass 

rod (No. 4). (b) The zoomedpicture of (a). 
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Figure 2.27 (a) The reflected 5MHz shear eclwes through a 260mm long cladded glass 

rod (No. 5). (h) The zoomed pi~ture o/(a). 

Figure 2.28 (a) The reflected 5MHz shear eclwes through a 400mm long cladded glass 

rod (No. 6). (b) The zoomedpicture o/(a). 
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2.7 Visualizing the Acoustic Field 

A visualizing system was llsed to Visllulize the acoustic bearn exiting frorn the end of 

long bufferrad. Due to the consideration of the acollstic attenuation in long rods the operating 

frequency was chosen to be 10MHz. The uim was to obselVe the ucoustic guiding effect 

due to the presence of the cladding. The details of the guiding effect in such long rads can 

be found in [19]. 

2.7.1 Methods of Visualizing an Acoustic Field 

Much work has been done dealing with visualization techniques for over a century. 

Two main approaches of visuulizing an acoustic field are the Schlieren method and the 

photoelastic rnethods which have been reviewed in [23]. 

The Schlieren method depends on detecting the deviation of light caused by the 

refractive index perturbations induced by ultrasonic waves. The photoelastic method, on 

the other hand reveals the stresses in an ultrasonic wave using cros;)cd polaroids to detect 

the stress induced birefringence of the medium. Since we are interested in the intensity 

distribution of the acoustic field, we have derided to use the Schlieren technique. 

The basic arrangement of the Schlieren systt'm is shown in Fig.2.29. A parullel beam 

of light tra' .. erses an acoustic field. At zero acoustic intensity light will be focusscd by the 

tens at a single point blocked by a spatial filter ut the Fourier plane, and there will he a clark 

screen at the image plane. However, a continuous wave ultrasound will uct as a phase dif

fraction grating and will fonn a series of diffraction orders. By filtering out the Oth order, 

we can reveal the diffracted order and the intensity of the acoustic field will appear as a 

bright image in a dark field. However, the individual wave fronts wilI not he resolved. It is 

noted that a collimated acoustic beam will appear as a diffracted spot ut the Fourier plane, 

while a focussing acoustic beam will appear al) an arc around the Oth order. 
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2.7.2 Experimental Setup 

We installed an experimental set-up as shown in Fig.2.29. Figures 2.30a, 2.30b and 

2.30c are photographs of the experimental system. The optical probe beam was expandcrl 

to a diameter of 50mm. The focallength of the focussing lens was 75cm. In the beginning 

of the experiment we found out that due to the cylindrical shape of the rod and fine structures 

of the index profile whieh seatters the probe beam, it was very difficult to observe the acoustic 

beam propagating inside the rode Therefore, acoustic waves exiting out of the rad into a 

water bath were used to evaluate the necessary information instead. The advantage ofwater 

is its unifonnity, transparence, high photoelastic coefficient and reasonably low acoustic 

attenuation. The disadvantage is the acoustic reflection and refraction present at the rod

water interface. Furthemlore, because liquid does not support shear acoustic waves, only 

experiments involving longitudinal acoustic waves are presented. 

In order to evaluate the performance of the experimental system, a non-focussed 

ultrasonic transducer directly contacting a bath of water was used initially. We observed a 

unifonn light beam at the Fourier plane and a uniform acoustic field at the image plane. At 

the image plane a two dimensional CCD camera connected to a video recorder as shown in 

Fig.2.29was used as the image recorder. We then tTied a focussing ultrasonic transducer 

also directly contacting the watea- bath and an arc light beam at the Fourier plane along with 

a focussing acous!ic field at the image plane was observed. 

The first rod tested was a 290mm 8.6% Oe02 doped step index rod and at lOMHz the field 

was basically collimated and concentrated in the core as shown in Fig.2.3I. Then we tried 

a 392mm 8% Ge02 doped ORIN rode At lOMHz, the field shown in Fig.2.32 was slightly 

narrower than the previous sample. These figures indicate that at 1 OMHz, the acoustic waves 

are guided in the core and that the cladding has an effect. In both these samples, the signal 

exiting from the rods was quite strong. The dark area at near the center region of the core 

is due to the effeet of the center dip of the velocity profile [24]. A further observation of the 

center dip is given in section 2.8. 
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Figure 2.29 Schematic of a Sch/ieren visualization system. 
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Figure 2.30 Photographs (~f The experimental sct-up for the visualization of ultrasound, 

(a) He-Ne laser and crllmdll.Cl'r, (h) u/trasonj(' freqw'Il(\ generator. CCD camera and 

monitor (c J A (,oll/rlele \'ll'\\' 
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Figure 2.31 Image of acoustic waves coming out of a 290mm long 8.6Cfc Ge02 doped srep 
index rod. Arrow indicales the rod-warer meerface. 

Flgure 2.32 ImaRc of acouslic waves cominR oiU of a 392mm /(}n~ Ro/c GeOl dopetl GRIN 
rod. Arrow indicale.\ the rod-warer IIlterjacl' 
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2.8 The Effeet of the Center Dip on the Acoustic Performance of the 

Cladded Rods. 

As it was discussed earlier the rods made by MCVD method have a center dip. Because 

of low spatial resolution of the aeoustic microscopy, this center dip cannot he seen in the 

acoustic profile. Again. the presence of such cen~er dip has been proved by Jen et al [24]. 

Because of the abrupt index change at the rod center, the acoustic energy is not really 

concentrated at the very center of the core. The acoustic performance of the rod is aftected 

by this faet. To show this effect we performed simple shear pulse echo measurement on two 

cladded rods one with center dip and the other one without center dip. 

Figure 2.33 shows the first shear arrivai through a 65mm long Ge02 doped grin index 

profile at 5 and lOMH 'l. This rod is made by MCVD method and has a center dip. In Fig.2.34 

we see the first shear arrivai through a 66mm long Ge02 doped GRIN inde:. !1r, lHe at 5 and 

lOMHz. The only difference between the latter and the fonner one is that the latter rod has 

been made with a Vapor Axial Deposition, VAD [25], method and has no center dip. The 

VAD method can be lIsed to fabricate cladded rods with long lengths and large diameters. 

These figures indicate the difference. We got mu ch sharper and nicer acoustic signaIs from 

the second rod which has no center dip. This shows that the rod with no center dip has better 

energy confinement in the core th an the one with a center dip. Therefore, we conclu de that 

for buffer rod applicltions, cladded rods without the center dip should have a better per

formance than those with a center index dip. 
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Figure 2.33 The first reflected shear echo from the end of a 6Smm long c1added rod with 

a center index dip, (a) at SMHz and (b) at JOMHz. 

Figure 2.34 The first reflected shear echo Irom the end of a 66mm long cladded rod with

out a center index dip, (a) at SMHz and (h) at IOMHz . 
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2.9 Spherical Concave Lens 

2.9.1 The Lens Fabrication Pro cess 

We have aJso fabricated a spherical concave Jens 9.5mm in diameter at the end of the 

buffer rad. The spherical concave Jens was made by gradually polishing out the glass from 

the end surface of the rod using a 9.5mm (3/8") diameter spherical baIl bearing. The setup 

for making the Jens is shown in Fig.2.35. A motor is used ta rotate the glass rad around its 

axis and a baU bearing is brought illto contact with the center of rad end surface. The bail 

bearing is pu shed by a small spring force. The ball bearing and the end surface of the glass 

rad are coated by diamond paste. The coating has ta be continuously checked more paste 

added periodically. We started with 45 micron paste and when the desired spherical shape 

is fonned we do the fine polishing down to 6 micron in three steps (15, 9 and 6 micron). It 

is ta be noted that the Jens fabrication process is slow and takes more than a day ta make a 
good Jens. 

Figure 2.35 The sellip for spllerical cOl/cC/ve lel/sfabricatioll af the end of glass rods. 
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2.9.2 Acoustic Measurerncnts 

Figure 2.36 shows the schematic for the setllp of focussing measurements and Fig.2.37 

shows the photograph of the experimental setup. ln this setup the sample can be moved 

vertically and horizontally. The buffer rod was fixed and the sample was displaced along 

the rod axis direction. The "Linear Voltage Displacement Transducer" (L VDT) is used to 

monitor the displacement of the sample and its output is a dc voltage which varies linearly 

with the displacement of the sample. The L VDT output is connected to the X channel of 

the oscilloscope. The detector detects the peak value of the acoustic signal and sends it to 

the Y channel. When the sample is displaced along the rad axis direction, the amplitude 

variation versus the distance is obtained as shown in Fig.2.38. Figures 2.39a and 2.39b 

show the first, Sor, and the second, Sl f
, echaes from the sample surface at facal point, at 

lOMHz. From these figures we can cleal'ly see the nice facussing behavior. 

One lens fabricated al the end of a rod was used ta scan a microscope calibration grid 

which has spacing of 500um. The grid was located on a fiat surface and the whole surface 

was displaced horizontally using a step moto\' together with a contra Uer , as shawn in Fig.2.40. 

The vertical distance of the flat surface and the end surface of the rod is sa adjusted that the 

flat surface is located at focal point. Again, the de output voltage of the L VOT which shows 

the horizontal distance is connected ta the X-channel of scope and the peak value of the 

reflected eeho after it is converted ta a dc voltage by the detector is connected to the 

y -channel. As the grid moves under the focal point the amplitude variation of the reflected 

echo versus the horizontal distance is obtained as shawn in Fig.2.4I. Figure 2.41 demon

strates that the focussed rods can be used ta image or scan the sample surface. 
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Figure 2.36 Schematic for the focussing measurement setup. 
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Figure 2.37 (a) Photograph of the experimenral selUp for focussing measuremenr. (b) 

Shows the pulser, detector and receiver u1Iils,from /eft If) right respective/y. 
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Figure 2.38 The axial amplitude variation for the received signal near the focal point. 

Figure 2.39 (a) The received echoes when aflat sample is located at the focal point. (b) 

is the higher magnification near Bt 
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Figure 2.40 Setup for acousric scanning of a grid. 

Figure 2.41 A Une scan of a grid scanned at the focus of a long buffer rod with a 
spherical concave lens al it' s end surface. 

47 



( 

( 

CHAPTER 3: Tapered Rods 

In the previous chapters the cladded acoustic buffer rods were discussed thoroughly 

and many advantages were counted forthem. For high frequency acoustic imaging (>20Mhz) 

the diameter of the rod can be made small enough. High spatial resolution ultrasonic 

measurements may also be performed because the acoustic energy is concentrated in the 

small core. Small diameter IS needed for many applications where tiny features are dealt 

with. For ex ample. in some medical applications we need thin and bendable buffer rods to 

monitor certain properties inside of the IlUman body, like blood vessels. However, small 

rod diameter makes the process of bonding the ultrasonic transducer to the endface of the 

rod inconvenient and time consuming. In this chapter we report a unique probe to overcome 

such bonding difficulty. A c1added silica rod of a large diameter is tapered gradually to a 

rod of a small diameter. The characterization and ultrasonic measurements of such tapered 

acoustic buffer rods are presented. Also. at the end of this chapter we will show a novel 

acoustic lens fabricated at the very small end of these tapered rods, using optical techniques. 
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,1 3.1 Characterization of Tapered Rods 

Figure 3.1 shows a few ta~ered silica rcds used in the experiments. At first, they were 

made in a unifonn diameter by a modified chemical vapor deposition method [22]. Then 

the taper was fonned by heating and drawing the rod. Along the tapered rod the ratio of the 

core over the total rad diameter remuins constant. In order to obtain the desired guidance 

condition, the acoustic velocity profile of a cladded rad must be I11casurcd. 

The measured LSA W and LSSCW velocity profiles across the rod are shown in 

Figs.3.2a and 3.2b, respectively. The ratio of the velocity difference between the core and 

the c1adding over the velocity of the core is near 2%. For good acoustic guidance, the velocity 

of the core is required to be less than that of the cladding. For the tapered rod sumple used 

in the acoustic profile measurement the core diameter at the thick end is 7mm and the total 

diameter is 16mm. Figures 3.3a and 3.3b illdlcate that this cladded buffcr rod can be lIsed 

as a good ultrasonic waveguide forfrequencies above 20MHz. It is noted lhal the attenuation 

and the pulse dispersion set the high frequency operation limit and the dimension including 

the core diameter and the cladding thicknes'i sets the low frequency limit. At the same 

frequency, a smaller velocity difference between the core and the cladding of a c1added rod 

requires a thicker c1adding [10],[ Il J. 

3.1.1 Ultrasonic Measurements 

Figure 3.3a shows the 30MHz reflected echoes through a 225mm long tapered rod in 

air. The thicker end of this tapered rod has a total diameter of 16mm and a 7mm diameter 

core, and the thin end has a total diameter of 1.5mm and a O.66rnm diameter core. This 

geometry offers the convenience to bond a transducer of a larger diameter to the thicker end 

of the cladded rod. In this case a 30MHz 4mln diameter longitudinal transduccr and a 

commercial gel couplant \Vas used. The eeho Boo, is the first longitudinal arrivaI from the 

end of the buffer rod. Echoes BT's come from the tapered section having a sharper dlameter 

reduction which causes an acollstic impedance mismatch along the axial direction of the 

rod. Signais BII represent the higher ordt'r acoustic propagatIon modes whose acoustic 

energies are concentrated in the cladding region. When this probe tip is immer:-.ed in the 

water, Bn is reduced as shown in Fig.3.3b due to the energy leakage into the surrounding 

water. We put a fiat thick reflector 3.3mm in front of the probe in the water, the reflected 
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echoes Sou, SIO are shown in Fig.3.3e. Il is noted that the eehoes BIo and SOl indieated in 

Fig.3.3e have travelled a distance of neru ly 900mm. Figures 3.3a to 3.3e have demonstrated 

the good performance of this tapered probe at 30MHz. If the operating frequency is very 

low (Le. long acoustic wavelength), the aeoustic wave energy is no longer sharply con

centrated in the core, the cladded rod will behave as an "uneladded" rod. Figure 3.4 shows 

the refleeted signais obtained with a 5MHz transducer for the same tapered rod used in 

Figs.3.3a to 3.3e. From man y similar measurements we find that for this particular cladded 

rod, reflected signais with good SNR can be obtained when the frequency is between 20 to 

35MHz. 

A nearly spherical concave lens was also fabricated at the thin end of the tapered rad. 

Figure 3.5 shows a scanning electran micrograph of one concave surface at the thin end of 

one tapered buffer rad shown in Fig.3.l (Scanning Electron Microscopy -SEM- has been 

used quite a few times in this work and ilS working principals are briefly discussed at the 

end of this chapter.). Figure 3.6 shows the shape of the concave surface. Il is measured by 

an optical interfrometer mechanically scanned along two perpendicular directions of the 

same concave surface as fig.3.5. In this Fig.3.6 the solid line shows a very nice concave 

surface and the dashed tine also indicates the concave surface but a bit diverted at the very 

right edge. That is because of the uneven polishing of this particular end surface. When the 

sample used in Fig.3.3c is displaced along the rad axis direction in front of the thin end of 

the tapered rad having a spherical concave surface as shown in Fig.3.5, the amplitude 

variation shawn in Fig.3.7 of the first echo, Soo, c1early indicates the foeussing behavior. In 

Fig.3.7, the circles are measured data and the solid line is the fitted curve by the third order 

polynomial regression. 

3.1.2 Scanning Electron Microscopy measurement 

Because of very small dimension and low contrast difference between core and 

c1adding il was very difficult to see the fabricated lens under optical microscope and to judge 

about its performance. Hence, Scanning electronic microscopy (SEM) measurements was 

introduced to see the end face of buffer rod or cross section of the buffer rods. SEM is aIso 

used in the next chapter ta see the cross section and the surface morphology of the cladded 

metal rods. 
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In a SEM the image of a sample is fonned on the cathode ray tube (CRT) synchronized 

with an electron beam probe as it scans the sample surface. The electron beam probe 

stimulates secondary electrons, backscattered electrons and X-ray photons from the scanned 

surface. A detector mounted above the sample picks up the secondary electrons or the 

backscattered electrons and converts them into a real time image of the sample. 

In order to obtain a clear images it is important that the contaminants be removed because 

they deteriorat.! the quality of the imaging. The samples should also be thoroughly degreased 

so as to avoid hydrocarbon contamination [26], otherwise the cracking of the hydrocarbon 

will create a dark spot on the image. Moreover, coating and polishing the sam pie also play 

important roles in obtaining a good image. Coating provides a thin conducting layer of Au 

or Au/Pd alloy on the top of the sample to carry the scanning electrons to the ground and 

helps to increase the emission of secondary electrons. The thickness of the coating i~ critical. 

If it is too thick it will obscure the surface details but if it is too thin then it cannot provide 

a continuous conductive layer to ground the electrons properly, which will charge up on 

the sample surface, resulting in repelling and deflecting funher incoming electrons, and 

therefore distorting the surface image. The thickness of our coatings was about 100-200.4 

of Au/Pd materia!. 

The details of the acoustic lens fabricated at the thin end of tapered rad surface can 

be clearly seen from the SEM photograph shown in Fig.3.5. From this figure we can see 

that the surface of the lens is smooth. 

",' . 
----

-;- ...----

Figure 3.1 Tapered acoustic bllffer rods. 
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Figure 3.2 The measured (a) Vwwand (h) VLSScwprofilesfor the cladded rods shown in 

Fig. 3.1. 
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Figure 3.3 The reflected 30MHz longitudinal echoes through a 225mm long tapered rod. 
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Figure 3.4 The reflecled 5MHz longitudinal eC/lOes through a 225mm long lapered rod 

in air. The lower trace is a zoomed picture. 

Figure 3.5 A scanning eleclron micrograph of a concave surface fabricaled at the thin 

end of the tapered rod. 
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Figure 3.7 The axial amplitude variationfor the received signal near thefoeus. 
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CHAPTER 4: Metallic Long Acoustic Buffer Rods 

In the previous chapters we have demonstrated that cladded silica acoustic rods 

consisting of a core and a cladding are very good candidates for acoustic buffer rods and 

have superior performances over uncladded rods when used as long acoustic buffer rods. 

But they have disadvantages, the y are very fragile and not easily machinable. These lim

itations may hurdle their industrial applications. Thus it is of interest to search for buffer 

rods made of other materials which do not have the disadvantages of glass. A good candidate 

is a cladded metallic rod. In this chapter the fabrication and acoustic characterization of 

metallic c1added buffer rods consisting of a tin/lead alloy core and a pure tin cladding are 

presented. We also discovered that metlllic rads fabricated by Ohno Continuous Casting 

(OCC) method [27],[28] have mu ch better acoustic perfonnance over conventional metallic 

rods. The comparison is given in this chapter. The obvious advantages of metaI over glass 

materials are machinability and bendability. At the end of this chapter we aIso show the 

unfocussed and focussed ultrasonic measurements using such a cladded rod. 
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1 4.1 Experimental Aspects 

Metallic rods of aluminum und tin made by the conventional casting method and a 

novel method, namely acc process [27 ],[28] were used for the experiments. The ultrasonic 

pulse echo measurements were carried out at 5 and 1 OMH z frp.quencies. In ail the experiments 

gel was used as ultrasonic couplant and the ultmsonic transducers were 5 and lOMHz 

6.35mm diameter broadband transducers. 

Figure 4.1 shows the 5MHz reflected echoes through a 290mm long and 13mm 

diameter aluminum rod. This rod was cast by a conventional method and the velocity profile 

is uniform aeross the whole rod diameler. The eeho Boo, is the first longitudimd arrivaI. 

Echoes Bol" B02 •.... are the trailing eehoes which rt'sult from the wave diffraction and finite 

diameter of rod as mentioned pr~viously. Figure 4.2 shows the 5MHz reflected echoes 

through a 285mm long and 12.5mm diameter pure aluminum rod. This rod was cast by the 

oce method and its velocity profile is also considered to he unifonn across the whole rod 

diameter. Comparing Figs.4.1 and 4.2 wc can see thm the first longitudinal arrivai, BoO is 

weaker than unwanted trailing echoes in Fig.4.1 but it is stronger in Fig.4.2. This means 

that the second rod which will be referred to as the OCC rod has better acollstÏc performance 

over the first rod which will be referred to as the conventional rod. The same experiment 

was carried out at lOMHz frequency and a similar result was obtained. Figure 4.3 shows 

the lOMHz reflected eehoes throllgh the conventional aluminum rod and Fig.4.4 shows the 

sarne reflected echoes through the ace aluminum rod. Here the difference is much clearer 

and it can be easily seen that for the case of OCC aluminum rod the unwanted ~purious 

signaIs or trailing echoes are much less strong than those of conventional aluminum rod. 

Hence the oce aluminum rod is preferred over the conventional aluminum rod as an 

ultrasonic long buffer rod. 

We performed the sa me measurements described above on tin rods. Figure 4.5 shows 

the 5MHz reflected echoes throllgh a 73mm long pure conventional tin rod of 1O.3mm 

diameter (from Johnson Matthey, Brampton, Ont.) with a unifonn velocity profile across 

the whole rod diarneter. In Fig.4.6 we see the same echoes for a 98mm long pure oce tin 

rod of 1O.6mm diameter. These two figures indicate that there are fewer and weaker 

unwanted trailing echoes present for the OCC tin rod than those for conventional tm rod. 

Therefore we can say that this OCC tin rod has a better acoustic performance over con

ventional tin rod. This conclusion is supported by an identical experiment performed at 
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lOMHz frequency. Figure 4.7 shows the IOMHz reflected echoes for our conventional tin 

rod. The same echoes for the GCC tin rod are shown in Fig.4.8. Echoes B1
0 and B2° are the 

second and the third longitudinal arrivaIs respectively. Figure 4.8 shows that at lOMHz there 

are no trailing echoes present for the OCC pure tin rod. 

These experiments demonstrate that OCC metallic rods have better acoustic per

formance than conventional metallic rods. This is mainly because, the Ohno Continuous 

Casting (OCC) process which is different from conventional methods enables the crack-free 

production of a very fine structure metallic rod with a smooth surface. With this method it 

is also very easy to produce a very long length metallic rod with uniform structure along 

the whole rod. oce method is further discussed in the next section. 
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Figure 4.1 (a) The reflected 5MHz longitudinal echoes through the 290mm long conven· 

tional aluminum rod. (b) A higher magnificationpicture near Boo. 

Figure 4.2 (a) The reflected 5MHz longitudinal echoes through the 285mm long ace 
aluminwn rod. (b) A higher magnificallOn pic/ure near BoO • 
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Figure 4.3 (a) The reflected lOMHz longitudinal echoes through the 290mm long con

ven/ional alumimun rod. (b) A higher magnification pic/ure near Boo. 

Figure 4.4 (a) The reflected lOMHz longitudinal echoes through the 290mm long OCC 

aluminum rod. (b) A higher magnification picture near Boo, 

60 



-

Figure 4.5 (a) The reflected 5MHz longitudinal echoes through the 73mm 10llg COflven

lional tin rod. (b) A higher magnificalion picture near BoO. 

Figure 4.6 (a) The reflected 5MHz longitudinal echoes through the 98mm 10llg OCC tin 

rod. (b) A higher magnification picture near B,t 
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Figure 4.7 rlt.e reflected lOMHz longitudinal echoes through the 73mm long 

conventional tin rod. 

Figure 4.8 (a) The reflected lOMHz longitudinal echoes Ihrough the 9Bmm long DCC tin 

rod. (h) A higher magnification picture near Boo. 
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4.1.1 oec Mcthod 

The Ohno Continuous casting l aCC) Process was invented by Professor A. Olmo of 

the Chiba Institute ofTechnology (CIT) in Japan several years ago. Features of this process 

include the ability to produce single crystal s, unidirectionul columnar grains. very cleun cast 

surfaces free from witness marks and good internai structures free from segregation and 

shrinkage cavities [27],[28] .In Japan the proces!. has been implemented in regularproduction 

for the near-net shape casting of copper rods and wires for the audio and video industry. 

The key factor which distinguishes the acc process from conventional continuou!. 

casting techniques is the delivery of molten metal into a heated mold, the temperature of 

which is heldjust above the solidification temperatllre of the meta} to be cast. In conventional 

systems. the mold is water-cooled, thlls crystals nucleate on the mold surface and grow 

towards the inner portion of the casting and the direction of crystal growth is perpendicular 

to the casting direction. In the oce process, due to the external heat applied to the mold. 

there is no nucleation on the mold surface and heut is only extracted through the strand being 

cast. As a result crystal growth occurs parallel to the casting direction. This gives fise to the 

change in solidification morphology which significantly influences metallurgical and 

mechanical propenies of the solidified materials. 

4.2 Cladded Metallic ButTer Rod 

As we discussed earlier, in order to reduce the spurious trailing signal the common 

method is to increase the diameter, or shorten the length of the rod, or roughen the rod 

periphery or taper the rod [7]. but these approaches will not increase the signal strength of 

BoO and Soo in Fig.3.3. However, we have demonstrated that acoustic rods consisting of core 

and cladding are much prefen"ed over uncladded rods. Again, it should be that the guidance 

ofacoustic waves in a clad rod requites that the velocity in the core be les') than that in the 

cladding [10]-[12.]. We applied the sa me concept to our metalhc rod~ and obtained clad 

metalhc rod with excellent acoustic performance at frequencies from 2 10 lOMHz. 
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Very recently the DCC process has been extended ta produce a c1ad metallic rad 

consisting of a 61.9 % tin - 38.1 % lead alloy core and a pure tin c1adding as shawn in Fig.4.9. 

The core diameter is 4.Rmm llnd the claclding thickness is 2.6mm. This buffer rad was cast 

at a speed of24mm per minute ancl the mold temperature was 242°C. The detailed description 

of the casting process is given in 129]. The optical llnd scanning electron microscope images 

of the core-cladding interface are given in Figs.4.10a and 4.10b respectively. Figures 4.10a 

and 4. lOb c1early show that a diffused boundary exists between the core and the cladding. 

This boundary ensures that the buffer rad has a very good signal strength and signal to noise 

(spurious signaIs) ratio (SNR) as shown in Figs.4.l1 ta 4.14. 

Figure 4.11 a shows the reflected echoes through an 80mm long clad metallic tin rod 

(Fig.4.9) using a broadband 1 MHz 6. 35ml11 diameter longitudinal ultrasonic transducer and 

a commercial gel couplant between the tran~dllcer and the buffer rod. Figure 4.11 b is a 

magnification of Fig.4.11 a neUf BoO. We prrformed similar measurements at frequencies of 

2,5 and 10MHz and obtained very good results. The reflected echoes are shown in Figs.4.11 

to 4.14 at l, 2,5 and lOMHz re~pectively. The SNR for BoO in Figs.4.12 to 4.14 is better 

than 30 dB. We have also used a Schlieren visualization system and confmned that the 

acoustic energy is indeed concentrated in the core. Figure 4.15 shows the acoustic energy 

exiting from the end of the buffer rod into a water pool. The acoustic frequency was 5MHz. 

We have used two other casting speeds. 6mm and 12mm per minute, to fabricate such 

buffer rods and found that the buffer rad shown in Fig.4.9 performed the best acoustically. 

Microstructures and interface conditions are the main reasons for the difference in per

fonnance. Furthennore, Jen [9] in 1987 has reported on a clad metallic rod consisting of a 
pure copper core and a pure aluminllm cladding. A copper rod inside an aluminum tube, 

whose inner diameter was slightly larger than the copper rod diameter, went through severa! 

dies of smaller diameters ta achieve the clad rod geometry. The signal strength and the 

ultrasonic SNR obtained for such 'extruded' clad buffer rods [9] were much poorer than 

those presented in Figs.4.11 to 4.14. We believe that the main difference is due to the interface 

condition. 

In order to verify a designed guidance condition, the acoustic velocity profile of the 

cladded metallic rod must be measured. As we discussed before, the acoustic guidance in 

a clad rod requires th ut the phase velocity of the core is less than that of the cladding. We 

have again used a 225MHz tine focus beam (LFB) scanning acoustic microscope (SAM) 

rI RI ta measure the leuky surface skimming compressional wave (LSSCW) velocity profile 
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1 across the metallic rad as shown in Fig.4.16. The ve10city protiks shown in Fig.4.16 were 

measured by two orthogonal ~cans in the radial direction and across the rod center. The 

LSSCW velocity of the core is incleed smaller than thal of the dadding. The propagation 

direction of the LSSCW wave is perpendi<:ular to the LFB and parallel to the radial direction 

of the rod. The velocity chscrepancy of the two s<.:uns mainly cames from the acoustic nni

sotropy and the roughne~s of the soft ~alllple ~urfal'C. The ratio of the velocity dlfference, 

6.v. between the core and the c1adding Ovel tilt: velocity of the cladding is near 15%. Again. 

SSCW has predomlnuntly longitudinal wavc components. rc!\pectively, their velocity pro

files can be regarded as thoo;;e of the 10ngitudll1al wavc velocity, VI' Il i~ !loted that only the 

longitudinal acoustlC wave is of interest hel e. Due to the diftïculty in achievmg good surface 

polishing of such a soft metallic alloy the me.l:-.urement acellraey is e~timated to be around 

80 rn/s. 

Figures 4.11 to 4.14 and other rnca'\llIèments indlcated that this c\ad metallic buffer 

rod can be used for ultrasonic frequencie~ between 2 10 10!\1Hz. The attenuation and the 

pulse dispersion set the high freqllency opel atlon 11Illit and the dimension inclllding the core 

diameter and the cladding thickness !>ets the low freqllency Ilmit. At the same frcquency, a 

smaller D.v between the core and the claddll1g of il cl.ld rad requires a thicker c1adding. 

If a liquid couplant and a thick ~ample :11 e u,>ed a~ shawn in FigA.17a, the flr~t eeho 

from the end of the buffer rad, Bun, and tht: t:choes (Sil' SI' S2' ........ ) travcrsing back and 

forth between the rod endface and the ~amplc ~lIrface are shawn in FigA.17b. A lOMHz 

transducerwas used in thb experiment. The re~lIlt of thi'i experiment Sllpport!\ the conclusion 

that this clad metallic rod is :'\Il excellent <lL:ou:-.li<.: buffer lOti. 
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Figure 4.9 A cross section view of a cladded metallic buffer rod. 

{ 
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Figure 4.10 (a) An optical and (b) an SEM image of the tinllead al/oy core - tin cladding 

interface. 
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Figure 4.11 (a) The reflected J MHz longitudinal echoes through the 80mm long cladded 

metallic rod showli in Fig.4.9. (b) is a higher magnification near Boo. 

Figure 4.12 (a) The reflected 2MHz longitudinal echoes through the 80mm long cladded 

metallic rod shown in Fig.4.9. (b) is a higher magnification near Bt 
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Figure 4.13 (a) The reflected 5M Hz longitudinal eehoes through the 80mm long cladded 

metallie rod shown in Fig.4.9. (b) is a higher magnifieation near Bt 

Figure 4.14 (a) The reflected JOMHz longitudinal eehoes through the 80mm long 

cladded metallie rod shown in Fig.4.9. (b) is a higher magnification near Boo, 
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Figure 4.15 Image of an acoustic beamfrom lhe 80mm long cladded buffer rod shown in 

Fig.4.9. ArroKo indicales the rod-water interface. 
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Figure 4.16 The measured V LSSCW profiles for IWo orthogonal scons across the center of 

the cladded metal/ic rod shown in Fig.4.9. 
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Figure 4.17 (a) A lOMHz longitudinal ultrasonic pulse-echo measurement with the 

cladded buffer rod shown in Fig.4.9, a liquid couplant and a sample. (h) A typical mea

surement result of(a) near Boo. 
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4.2.1 Spherical Concave Lens 

A spherical concave lens was fabricated with ease at the end of tin cladded rod. At the 

end of chapter two we di~cussed the lens fabrication at the end of glass rods and we saw 

that it takes more than il clav to fabricate a spherical concave Jens. But for our metallic rods 

it takes jusl a few minutes t\.l make a reasonably good performance Jens. Machinability of 

the metal allowed LIS to u~e a round drIll of 9.5mm diameter to drill out a semi sphere and 

to make a Jens at the end of ollr tin c1ad metallic rod. Then, the concave surface of the Jens 

was roughly polished by gently hammering a bail bearing of the same size on the Jens. Then 

fine polishing was donc clown to 1 micron by coating the Jens surface with diamond paste 

and roHing the ball bearing on that. The different Jens fabrication processes show the 

advantage of machinabihty and the flexi bility and the facility of the metallic rods. 

The same setup as in chapter two was used for the focussing measurement. The 

amplitude variatIon ver~llS the diMance is shawn in Figures 4.18 and 4.19 for 5 and lOMHz 

respectivel)'. Figures 4.20 and 4.21 show the first, Sor, and the second, S/, echoes from the 

sampJe surfuce at focal point, at 5 and lOMHz respectively. From these figures we can 

c1early see tht~ nice focllssing behavior. 
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Figure 4.18 The axial amplitude variation for the recelved signal flear the focal point, al 

5MHz 

1.34mm/div 

Figure 4.19 The axial amplitude variation for the received signal near the focal point, at 

JOMHz. 
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Figure 4.20 The received 5MHz longitudinal echoes when aflat sample is located at the 

focal point. (b) is the higher magnification near Bt 

Figure 4.21 The received JOMHz longitudinal echoes when aflat sample is located at the 

focal point. (b) is the higher magnification near Boo, 
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CHAPTER 5: Application of Long Cladded Acoustic 

Buffer Rods at Elevated Temperatures 

5.1 Introduction 

Ultrasonic techniques have become of great importance III the metallurgical industry 

in recent years. The use of lIltra<;onic waves to il1spect molten metals is known but not widely 

applied to industry yet. In metal proces~JI1g, (jllulity is associated with the entrainment of 

non-metallic material within the liqUld metal In the case of alummul11, the entrained rnaterial 

can be oxide films together with hard carbide inclusions which are derived from the original 

smelting process. Aluminllll1 also pick<; up hydrogen WlllCh can, on solidification, diffuse 

to entrained oxide particles, and during the finishll1g ~tages, reslilt in blisters on the sheet 

material. The hard particles may be assocli.lted with the oxide films, are detrimenta' in the 

fonning of thin-walled cans. These particles scratch cr defonn the draw dies and rcjections 

from such a defect are uSlIaIly costly. The steel industry also has ~imilar problems. There 

are many sources from which pm·tides can be introduced into liqllid metal. Liquid steel can 

absorb oxygen from atmosphere during transferoperations, leading to the fonnation of oxide 

products which may remuin within the melt. In addition, other reaction products such as 
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1 nitrides and ~ulphides, may be pre~ent. ParticJe sizes can vary from less than 1 micron to 

150 microns, however. above tlw .. ~ize natural floating forces tend to separate the non

metaJlics to the ~urfacc [301. 

The various technique!-. which are currently used for evaluating metal qllality are based 

on the extraction of a mctal sample follo'Ned by analysis in the laboratory. Although this 

approach i~ often capable ofproviding the desired infonnation regarding inclusion content, 

it also requires considerable ~ample preparation and analysis time to discover possible liquid 

metal proces~ing problems which can no longer be corrected. Beyond the inability of the 

laboratory technique'i to provide feedback control of the ca~ting process. they are also not 

sufficiently rapid to prevent the 1011lng and treallnent of poor quality metallic products. 

Clearly, whlle muny of the eXIsting ~ampling and analysis tedmiques are capable of 

determinillg prodllct 'lualtty, a more direct method could be highly beneficial. 

Ideally. the eValUJtlOll of the c1eanlllless of metallic prodllcts would be conducted en 

large ~al1lplcs whlch coulet be rapidly anulyzed with little or no sample preparation. This 

can only be acllleved by analyzing the metal when Jt i~ stiJl in the liquid stare. When suc

cessfully implemented l!1 inclul,try, thi, type of on-line monitor could potentially provide 

infonnatior, regardmg: 11'1 llid metal proces~i llg problems and also prevent further pr -lcessing 

of unsatisfactory ~Iabs, btllets, Ignots and castings. 

Ultrasolllcs techniques have been reported as practical on-Iine methods to monitorthe 

liquid metal propertie~ [21.13].[31]-[351. For ex ample, it is known that molten aluminum 

can be inspected with ultrasolllc waves \)f relatively high frequencies (l-lOMHz). The most 

practical means of inspection IS the pube-echo method wherein an llitrasonic wave pulse is 

transmitted into the molten alul11inum and the pulse reflections or echoes are detected and 

measured. MeIl quahty can be characterized in terms of the number and amplitude of the 

echoes retlected from discontinllities slIeh as insoluble melt constitllents, attenuations in 

pulse amplitude, pube veloclly throubh the melt, and shifts in the ultrasonic wave frequency. 

To transmit or receive ultrasonic waves to or from an aluminum melt, it is common 

to use a plczoelectric transducer. A transdllcer can conventionally be coupled to the melt 

using a buffer rod. The buffer rod serves to isolate the transducer from high melt temper

atures, which willusually run in the range of about 67SoC ta 825°C and to introduce a time 
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delay betweep '\ trallsmitted pulse and el'hoe, t'rom lI1dusion!o. located Ilcar where the pulse 

first etHers the melt. The buffer rod i~ u!'>ually III the fonn of a bar or IOd. one end of which 

will be il11l11ersed 111 the melt and the other plObt' end i .. coupled to the tramducer. 

So far, encouraging results have been obtülllcd by lI~ing ultrasonic pube-cdlo tech

I1lques, however, poor llltra~OIllC ~ignal to nOI~e ratlO~ (S~R) \VCIC obtallled duc to thc lack 

of proper ultrasonic probes The ultrasolllc but ter rOlb repol1ed ~o far lI ... cd 1I1ll'laddcd rods 

and suffered the dl awback:-. of unl'ladded lod .. I.e .• the pre~ellce ot ~plll'10ll\ signab and the 

weakened signal ~trength due to the wavc dlttl action IJ) ... ul'h roll .... A':> wc di"l'u':>~cd in 

previous chapters our c1added buffer rod!\ do not have the~c dr.l\vbacJ... ... , and ~:ollid bc Illuch 

superior for 1Iltra~onic in~peclJon of Illclten alulllinulll or uther II1ctab pro\' ided th'llthe mclt 

temperature doe~n't go beyond which the roc! cannot rc.,bt 111. 

ln thls l'huptel the ncrfonnance of ul tI ,l"'OIllC pul ~e -edlO ml',l ~urc mCllb 011 ll1o\tcn 

aluminul11 is prc~ented. Diftelent a~pect\ and (\jftïcultle ... of the ... e e\pellll1el\t~ arc abo 

diseus~ed. But berole wc lI~e our probe~ al hl!!h meltll1g tempcr,ItUIl' ut .1l1l111lnum 

(650°C - 800 0 e) we exull1lllcd our probe~ by doing ,>orne CXpt:lll11l'llh at l'lev.lted tcm

perature~ up to 2700 e on Dow Corning 200 tlllld. 

5.2 Ultrasonic Pulse-Echo Measurement at Elevated Temperatures. 

As ultrasonie transdueers cannat be e>-.po~ed tG high temperature .... wc may nccd a long 

buffer rod. Figure 5.1 shows a ~etllp of a typieal pulse-eeho mea~lIrcment, but performcd 

at medium temperatures. A high viscosity (1000 cs) liquid (Dow Corning 200 Fluid) is 

heated in a glass container and the temperature IS monitOled by a digital thermometer. The 

buffer rad is a 144mrn long c1added rod consisting of a 4.7111m drameter core and 2mm thick 

cladding. The Vl..!>sCW.corjvLSscw.c1Jd = 0.96. lt is irnmt'rsed into f1l1id from one end and from 

the other end is cou pIed to a IOMHz tran~dllcer and commercral gel 1'> med a, 1Iltra'ionic 

couplant. 

Figures 5.2 to 5.4 show pulse-eeho renection measurements at 160°C, 240°C and 

270°C respectively. The echo Boo is the first longitudinal arnval from the end of rod and 

the echoes So, SI' S2'''' etc. are the echoes traversing the Dow Corning Fluid ut ternperatures 
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mentioned above of about 2mm thick back and fonh between one end surface of the buffer 

rod and the top surface of the container which acted as an ultrasonic reflector. In the se figures 

the ceho Boo has been saturated by the receiver amplifier. 

Because of the high performance long buffer rod if one is interested, can study the 

change in the ultrasonic velocity, attenuation and hence, viscosity of such fluid versus 

temperature. Figure 5.5a, band c show the pulse-echo measurement al 50"'C, 100°C and 

150°C, respectively. From this figure we can see that as temperature increases the time 

delay between Boo and So increases or the acoustic velocity decreases and the signal gets 

more attenuated. It is noted that in this measurement we just varied the temperature and the 

distance between the end of rod and reflector was not changed. In this figure ail the signaIs 

were 30 dB attenuated. 

Figure 5.1 Setup for Ultrasonic pulse-echo measurement for high viscosity Dow Corning 

200 Fluid. 
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Figure 5.2 An ullrasonic puise-echo refleclion measurement performed on hot liquid 

sample (Dow Corning 200 Fluid). The temperature was 160°C. 

Figure 5.3 An ultrasonie pu/se-eeho reflection measurement performed on hot liquid 

sample (Dow Corning 200 Fluid). The temperature was 240°C. 
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Figure 5.4 An ultrasonic pulse-echo reflection measurement performed on hot liquid 

sample (Dow Corning 200 Fluid). The tempe rature was 270°C. 
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Figure 5.5 An ultrasonic pulsc-echo rejlcctimz mcasuremcnt performed on hot /iquid 
sample (Dow Corning 200 Fluid). The tempemture wa.\ (a) 50°C, (h) 100°C and (c) 

150°C. 
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5.3 Ultrasonic Pulse-Echo Measurement Performed on 

Molten Aluminum 

Aluminulll was hcatcd in a ),mall fllmace up to 80Doe. The fumace is composed of 

a ceramie container arouncl which is surrounded by three heating coils which are connected 

in series and are fonned into a helix shape (as shown in Fig.5.6). We used a variable output 

transfonner ta control the heatlflg Before the meU5.urement we examined our probes to see 

if they can tolerate that temperature. The c1added silica rods were immersed into molten 

aluminurn and taken out rapldly artel' a few seconds and we found that they were resistant 

to thermal shock. Although the core and c1adding are made of different dopants which may 

indure internaI stre5.~es. there \Vere no cracks observed. After our rads passed this step 

!>uccessfully we performed the expenment at high temperature of 7DDoe ta 80Doe. 

At firs! the we eoult! Ilot observ~ any eeho reflected from the refleetor whieh wa::: an 

adjustable movmg steel plate loc:lted in the melt. After performing similar experiments we 

found out thu! there were two main reasons (a) corrosion and (b) poor wetting, of which the 

second one played the key role. 

Figure 5.6 A smallfu1'IIace for me/ring A/ltminum. (a) The side view and (b) the bottom 

view of the flirt/ace. 
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1 5.3.1 Corrosion 

The corrosion problem is that hot aluminum melt attacks the working-tip of the glass 

buffer rod (the end th ut is immersed into the melt) and consumes it. This leads to a defor

mation of the working-tip. When ultrasonic plane waves hit this defonned surface sorne 

reflect in different directions and some divert. Even if some can manage to pass thisdefonned 

surface without changing directIon, after they are reflected back by the reflector they will 

face the same problem at the melt rod interface. However this is not an immediate problem 

and it happens after repeated use of rod in the melt or if we leave the rod in the melt for a 

long time. more than several minutes. 

One solution to thi!> problem is to coat the working-tip with a protective layer as shown 

in Fig.5.7. We plasma sprayed thin layers of nickle-5%alunùnum alloy and zirconia on a 

few rods. Although this approach could solve the corrosion problem bya gleat degree but 

itcouldn 't solve our main problem. The coating layer may introduce another problem though. 

Because of poor adhesion between certain coatings and the rod it was slightly pealed off 

when immersed into the melt and created a very small gap between the end surface of the 

rod and the melt. This gap significantly reduces the ultrasonic energy coupled into the melt. 

However, we believe that the adhesion can be improved by choosing the proper material, 

thickness and the conditions of plasma spraying. 
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Figure 5.7 A c1added buffer rod whose working-tip is plasma sprayed by zirconia. 
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1 5.3.2 Wetting 

At initial experiments not only we could not observe uny echo reflccted from reflector 

but also we did not see any change in the energy of the first eeho refleeted from the end of 

buffer rod. Because of relatively good acoustic impcdance mutching between our buffer 

rods and molten aluminllm we were expecting a sudden change in the amplitude or energy 

of the first eeho from the end of rad, showing that a large amollnt of energy is trunsfen'ed 

into the melt. Since, no acoustic energy was transfemng into the mclt wc realized thm the 

glass c1added buffer rods were not wetted by the molten alllrninllm. 

Glass is usually poorly wetted by liquid aluminml1 at temperatures lower than IOOOoC. 

The poor wettability of glass by liquid aluminum and light alloys at low temperatures is 

thought to be related ta a thin layer of alumina which al ways coats the liquid [36J and acts 

as a barrier. Therefore, removmg this thin layer (Le. by a chemical reaction taking place 

near the glass surface and reslllting in the fonnation of new species able to dissolve or 

vaporize the alumina layer) should improve the wetting of the gla~s rod thus allowing its 

impregnation by liqllid aillminllm nlloys. To improve the poor wettability we lIsed the 

treatment explained in [36]. 

The working-tip of rod was coaled by a thin layer of K2ZrF6 (Hexafluorozirconate

potassium). KzZrF6 wa:. di'isolved in boiling water and then we immersed the tip ofrod into 

so]vent. As the solve nt w lS being cooled down we rotated and pulled the rod out of the 

solve nt, in this way a thin layer of K2ZrF() was deposited on the rad. K2ZrF/j is preferred 

over other fluoride salts because of its high solubility (25g1100cDll water at lOOOe). The 

thickness of KZZrFG coating layer is very important and the surface concentration of 

12mg cm-2 was thought to be the best [36]. Reactions taking place at high tempel'atures 

between pure aluminum and K2ZrFG can be represented by the following equations. 

3K2ZrF6 +4AI ~ K3AlF6 + 3KAlF4 + 3Zr 

3Zr + 9Al => 3AI3ll' 

From the ab ove fonnulas, several mech. nisms ean be suggested ta try to explain why a 

pretreatment with an aqlleous solution of K2ZrF6 improves the wettability of glass by liqllid 

aluminum: (1) the alumina thin layer coating the liquid metul is dissolved by the fll'~rides 
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which are released by the reaction occurring between K2ZrF6 and liquid aluminum allowing 

a direct contact between the liquid and the end surface of the buffer rod; (2) the kineties of 

thermal decomposition of K!ZrF(, is increased at high temperatures leading to the fonnation 

of several fluoride spccies, according to the fonnulas showed in [36J, thus dislocating the 

oxide layer and allowing wetting Of the end surface of the rod by liquid aluminum; (3) the 

rad surface is c1eanec and/or activated by these fluorides; (4) the gas phase involved in the 

wetting phenornenon is advantageously modified by the gaseous fluoride species fonned 

from K 2Zrfo,,; (5) the heat of tht! rt"nctlons thm ta'.e place is high enough to inerease the 

tempe rature loeally giving rise to a better wetting. Although these five mechanisms ean be 

expected ta contribute to sorne extent to the wettability improvement, (1) is believed to be 

predominant [36]. 

After impl'oving the wetting by the treatment Jl:st explained above we managed to 

perform pulse-eeho measurement in molten aluminum at a temperature of about 750°C. 

Figures 5.8 and 5.9 show the echoes without and with refleetor, re::;pectively. The eeho Boa 

is the first arrivaI frol11 the buffer rod and the melt interface and the echo So in Fig.5.1O is 

the retlected ecllo from reflector which is placed in the moIten aluminum. This was our first 

successful re~iU1t and we believe that this result can be improved by at least 30 dB by 

enhancing the experiment conditions, trying ta obtain the right thickness of K2ZrF6 coating, 

using the proper retlectol, proper alignment of the transducer, buffer rod and reflector, 

cleaning the melt surface by removing the extra alumina layer and, if possible, perfcrming 

the experiment in vacuum or in an oxygen free environment to avoid fonning of alumina 

layer. However this result is encouraging and shows the potential of ourcladded buffer rod. 

As it can be seen from Figs.5.8 and 5.9 there are exist few trailing echoes. 
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Figure 5.8 The lOMHz pulse-echo measurement performed at 750°C on molten alumi

n.un without a rejleclor. 

Figure 5.9 The JOMHz pulse-echo measurement performed al 750°C on molten alumi

num wilh a refleclOr. 
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5.4 Discussion 

An acoustic buffer rods which is designed for use at elevated temperatures should have 

the following properties; 

(a) Good guidance of acollstic waves. 

(b) Low ,:oustic uttenuation over the range ofworking temperatures at the frequencies 

used. 

(c) G00d resistance to thermal and mechanical shocks. 

(d) Low thermal conductivity. 

The aC0ùstic impedance, i.e. lhe prodllct of denùy and the acoustic velocity of the 

buffer rod, ShOlild be of the same arder as of the molten metal. In addition, to evaluate the 

properties of the moiter! metals It should have a good con'osion rec;is'ance to attack by molten 

metal. It app~ars thut no probe has been found which would fulfill aU of these requirements. 

However, our dadded buffer rod could meet most of these requirements. And so, it could 

be u good candidate as an acollstic probe proper fOI use at elevated temperatures. 
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CHAPTER 6: Conclusions 

In this thesis we have introduced long silica c1added buffe!" rads cOllsislillg of a core 

and a cladding. Bath longitudinal and shear ultrasonic pulse-echo measurements were 

carried out on these rods at 5 and/or IOMHz frequencies. A 225MHz line-focus beam 

scanning acoustic microscope has been used to measure the leaky surface ucollstic wave 

and leaky surface skimming compressional wave velocity profiles to characterize these rods. 

It has bcen demonstrated that we can design, fabricate and verify the performance of long 

acoustic cladded buffer rads having different dopants, concentrations and profiles. At present 

the length of the silica c1added buffer rods made by the modified chernical vapor depositian 

(MCVD) method can be up meters. However, in thlS thesis the longest rad for the mea~ 

surements was 400mm. 

Improved performance of cladded rods over uncladded rods was clemonstrated. It was 

shown that due ta the guiding of acollstic energy in the core of the c1added rads there exist 

no or much fcwer spuriolls signaIs and unwanttd trailing echoe~ for the cladded rads 

compared ta unclaelelel. anes. Signal strength was also improved becallse of energy con~ 

finement in the core. The Schlieren vi,'\ualization system h:ls been useel to show the acoustic 

guiding effect due ta the presence of the cladding. Acoustic lenses were also fabricated at 

the end surface of cladded rods and the foclIssing behavior has becn shown. The effect of 
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l ct::nler dip on the acollstic performance of tilt c1added rad has been studied. It was shown 

that claddcd rocl~ withoul the renter index dip have a better performance over th("~le with a 

<.:enter dip. 

Tnperccl silica c1added rods have aho been presented. They have a very small size' at one 

end muking them proper for 1I3e at tll1y openings. The large 'i!ameter nt the otlllT end 

facilitates the bonchng of the ultn.llionIc t/'an\dllcer. A smal! aeoustie len!: was also fabrit'ated 

at the smn)) end of the tapered ro,l 

Metallic aCoustIc bllffer lOds 'vere de~igned, fabricated and investigated. They b,we 

the advantage~ of rnachinabJlity and benclability over glass rods. Two kind of metallic rods 

(one cast by a eonventional method and the other one cast by the Olmo Continuous Castin\", 

acc, melhod) have been considered und disellssed. Ultrasonic pulse-eeho measurement~; 

performed on these rods at 5 and lOMHz freqllcncies indieated Ihat the oce rods perform 

better aeoustically th an conventional rods. The nice features of the Olmo Continuous Casting 

method have been briefly di~cus~ed. A c1added metallic rod consi:;ting of a tin-Iead alloy 

core and a pure tll1 cladding were produced lIsing the oce process. Longitudinal ultrasonic 

pulse-echo measurements have been performed utl, 2,5 and lOMHz. The results indicated 

thut the cladded metal\1c rad is an excellent acoustic probe. 

The application of our c1added rods at elevated temperatures was studied. Using 

cladded ~ilica rads as an acollstic butTer rad, the ultrasonie pulse-eeho measurements have 

been performed at medium temperatures on a Dow Corning liquid and at high temperatures 

(up ta 750°C) 011 molten alumillum. It \Vas demallstrated that the sc rads are resistant to 

thermal shocks and proper for ll!\e at elevated temperatures. Two major difficulties have 

bt'en encountered concerning the mo!ten alllrninum experiments: one, corrosion of glass at 

high temperalure by liquid aluminum and another, poor wettability of glass by malten 

alumimnn. A solution has been ~uggested to eliminate the corrosion problem, but more 

effort must be made in future \York. The wettability has been improved by a K2ZrF6 treatment 

and several mechanisms h.lve been proposed 10 explain why a pretreatment with an aqueous 

solution of K2ZrFü improves the wettability of glass by liquid aluminum. The reflected 

echoes from a steel plate refleetor which was placed in the melt have been observed. We 

believe that with a proper coating the result of this first successful experiment can be 

improved by at least 30 dB. The measurements showed that cladded buffer rods are excellent 

candidatt!s as acollstic pr0ÎJes at elevated tempcratures. 
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