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ABSTRACT 

A method is described whereby many types of flaws lying close to 
the surface of a metal can be ultrasonically detected, regardless of the time 
duration of the interrogating pulses. Lamb waves are establ~eher! in the 
n,etal between a flaw and the surface by an ultrasonic beam whlch impinges 
at the proper ang'.e of incidence. A suitabiy positioned receiv·er transducer 
picks uµ the waves to reveal the flaw. In this method the usvally trm1ble-
sum1: surface ecno is eliminated from the receiver by = :i.coustic ba1·.·ier, 
making it well suitl'!d for routine and autTatic testing. Results of applying 
me t<?chnique tc. :.;1everal testing problems are dii;cussed. 
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ULTRASONIC TESTING_ WITH LAMB WAVES 

INTRODUCTION 

In 19lil Horace Lamb published a paper(!) in ·,11hlch he proved mathemat-
ically that an elastic plate could vibrate in an infinite number of modes. 
In 1951 Firestone and Llng<2> patented a method of experimentally producing 
in plaiee the waves theoi-etically discovered by Lamb, and thesl" waves have 
subsequently come to be known as Lamb waves. 

Tc date very little has been written concern...ng the applicatj,,n of these 
waves to practical ultrasonic testing problems. Experirnental studies at 
Hanford have revealed that th?.)' do have valuabl" propeHieo; irom a testir.g 
vi£wpQint, particularly in revealing some types or naws positioned close to ,. 
the sui·face of a test metal, and the obJect of !his paper is to describe some 
of these applications. A detailed discussior:: or the theory of Lamb waves 
will not be give,-, here; rather. their properties will bf' described only in 
relation to the problems to wllich they are applied. For " more detailed 
discussion or the waves the reader is reierred to the r~ierer,ces cited. 

SUMMARY 

Lamb waves can be applied with advantage to many ultrasonic testing 
problo!ms. For exa.rnplt.', they offer a more s1mple an·• dlrect solut .un to 
the problem or detecting unbonded areas in Hanford type reactor fuel elemental 
than can be obtained with the more conventioa.al pulse-echo method previously 
developed. In ocher problems such aa testiq thin mt'lLal stMp for ~an-Jnar 
defects or grain size, the use of Lamb waves resulted in the onl,r aol1:tiu:i 
found. The wi.em feature oC thi& techniqu. u1 the ellmm. lion or the 
troublesome surface ecbo so that fl11•·• c:loae to aJ:;e surface can be detected 

·---------------·-----------·-------.... -
(l) Lamb. P.orac:e, "Or, Wa'Vea In an mnatic- Plate". Prr-cl'l'cbftf" or 1M 

~yal S~cty or Lendon, Series,\, Voh1.'l:le x.cm. "'Piitot 114. , 
C:U Flrl'stone-. P ,\, and l.uia. D. S., "M.-tb<>da and Meua «11t Ct,nc,rahnc 

illld UhUun1 Vihrau~,naJ Wave-a un Platea". tr S. Pat•nl 41k>· z. ;i,:Ji6, 4Jviuary 2, 19~ I) • _,, __________ •· -
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with long time duration ultrasonic pulse. 

PROPERTIES OF LAMB WAVES 

HW-45649 

Lamb grouped the infi!'.ite number of modes i.--i which an elastic plate 
may vibrate into symmetrical and antisymmetrical type&, according to 
the dirudion of the particle displacement. Unlike the more familiar 
longitudinal and shear modes, however, these waves travel in the metal with 
a phase velocity that is dependent upon. the order of the ruode, the frequency 
of the waves, and the thickness of the plate. The phase velocity is the 
velocity with which a disturbance (say the crest of a wave) runs along the 
plate and i" to be distinguished from the group velocity which refers to the 
ve!odty of a sher t train of waves. 

Figure l shows how the phase velocity in aluminum varies with the 
mode, fre<;uency ,.uid thickness of the plate for the first three modes of the 
symmetrical and antisymmelrical types. To establish any given mode of 
vibration in a plate, the incident ultrasonic beam must satisfy the following 
relation, 

VL 
sin X = V-:::-

P 
where V L is the velocity of propagation in the incident medium, V p is the 
phase velocity given from Figure 1, and X is the angle of incidence . 
Furthermore, to determine whether the plate is vibrating in the desired 
mode, one may simply plac" a receive transducer in a position to pic.k up 
a portion of the vibrational energy as it emits from the plate at the same 
angle X.. 

Consider, for example, a laminar flaw close to the surfac,e ui a 
metal, li.'{c the uu1lt-m naw of the test block shown in Figure 2. It has 
been observed tha\ the presence of flaws of thh, type can clearly be rev~aled 
by Lamb waves, presumably because a flaw allows the metal between it 
and the surface to vibrate as though it were a sec,ion of a thin plate. With 

• 

rUE&tASSIFIEH 



DEtllSS~f \ED 
-6- HW-45649 

lhe send and receive transducers al the proper angle to induce ii Lamb 
wave mode in the l'egion above the flaw, a large signal is rece1ved as shown 
by the waveforms (A). The signal disappears,. howevel', when a flaw-free 
section of the block is inspected since in this case no Lamh waves are 
established. The La1nb wave shown is believed to be of the first symmetrical 
mode, since the transducers were set at about 30 degrees, in good agreement 
with the value calculated from equation (1) with V L taken as 5?. 000 in. / sec 
(the velocity of sound in water) and V p obtained from Figure l as 
120,000 in. /sec. Any desired mode could be established simply by adjusting 
the angle to the suitable value. 

Some impo1·tant aspects concerning applying Lamb waves to practical 
testing problems can now be pointed out. The most s~riking thing, of course, 
is the fact that tl,e flaw so close to the surface is clea;•ly detected with the 
comparatively low ultrasonic test frequency of 2. 25 megacycles. This is 
emphasi,ed by the waveforms (B) in Figure 2 which were obtained by 
testing the block at the same frequency by the conventional sir.gle crystal 
method. 

It will be noted from the waveforms that in testing with Lamb waves 
the usually troublesome surface echo is almost absent. This is because, 
fortunately, the requiri::d angular position of the transduci"rs is different 
than that in which the reflected surface echo is a maximum. In practice 
the small amount of surface reflected energy that reaches the receiver 
can be eliminated effectively by inserting a barrier between the transducers, 
as shown in the sketch. Whereas with conventional testing methoJs the 
problem of distinguishing the flaw echv from the surface echo becomes 
increasingly difficult as flaws come closer to the surface, with Lamb v,aves 
this requirement is eliminated since the surface echo is not present. 
Consequently, the testing pulse n,ay have a time length as iong a11> desired 
and the expense and comple:<ities oI a wide band electronic system can be 
avoided. 

• 
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Secondly, we see from Figure 2 that the first mode curves are 
horizontal for frequency-depth products larger than about l. 4 x 105 cycles 
in. isec. T'nis mewu, that with a given test frequency and metal, flaws may 
varJ in deplh up to a minimum value, and be detecteti hy " fixPd angular 
setting of the transducers. Moreover, increasing the test frequency extends 
the range closer to the surface. At ten megacycles, for example, the 
minimum depth in aluminum is extended to within 0. 014 inches of the surface. 

It is often desirable, particularly in automatic testing, to make a 
discrimination of the defects encountered according to flaw size. This 
permits acceptance of test pieces that contain flaws small enough tt, be 
considered satisfactory for th•· particular application for which the piece;; 
are intended. With single crystaL.testing, some information pertaining to 
the size of a flaw can usually be ascertained from the amplitude of its echo 
pulse, although not very precisely since the echo amplitude is dependent 
upon other factors as well. Lamb wave testing offers an advantaglc' \n this 
cegard because the magnitude of the response of any given flaw can be 
controlled by adjusting the spacing of the send and receive transducers 
relative to one another. In other words, small flaws can be ignored simply 
by separating the transducers the proper distance. This is illusirated 
by the curves in Figure 3, which were obtained from a test block containing 
built-in defects of different size. 

With a fixed angular s,~tt~ng. the test head was twice scanned along the 
test block. In the first scan the trar,sducers were placed as close togeth.-,r 
as possible, and both flaws were observed to respond with nearly the same 
amplitude. On the second scan with the transducers separated, the 
amplitude response of the smaller flaw was greatly reduced. Thus by 
properly spacing the transducers, an automatic· test can be devised in which 
only flaws of the desired magnitude are rejected. The flaw sizes are 
distinguished by electronically munitoring the amplitude of the received 
pulse. This feature was an advantage ·n applying Lamh waves to the 
problem described below 

DECLASSIFIED 
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The Hanford fuel element consists of a uranium cylinder encased in and 
metallurgically bonded to a thin aluminum jacket. The uranium core is 
slightly less than um, ano one-half inches in diameter by about eight inches 
long, and the aluminum sheath is about 0. 045 inches thick. Because of 
dimensional tolerances and the process by which the components are 
assembled, the 1-ionded uranium-aluminum interface in finished elements 
varies from about 0. 030 to 0. 070 inches below the surfac1 of the aluminum. 
Without describing the canning process, it will be sufficient for our purposes 
to say that elements may bP. produced with improperly bonded areas at the 
uranium-z.luminum junction. Unbonded areas are objectionable because 
they impede the flow of heat that is generated internally within the core 
by the nuclear reaction. 

Although it may seem surprising in view of the cylindrical shape of 
the pieces. such flaws can be readily detected with Lamb waves Figure 
4 is the result of plotting received pulse amplitude versus the angle of 
incidence as the ultrasonic beam is directed at a typical unhand flaw. The 
curves show the angles of four Lamb wave mod~s and it is evic:ent that any 
on~ of these clearly reveals the flaw. In the wc>veforms nf the figure, for 
example, the settings were fixed at 17 degrees while the region of the 
element containing the flaw was rotated into the ultrasonic beam. In Figure 5 
the respoase obtained from the flaw is compared with that obtained from a 
flaw-free section, and these are shown together with a cross-sectional 
view of the element. The latter was obtained by destructively cutting the 
el en-Lent through the pl&.11e uf l!1t: flaw. 

The photograph in Figure 6 shows the laboratory arrangement used in 
these studies A water tank is mounted on a conventional metal working 
lathe, with the test head attached to the lead screw so that the surface can 
be completely scanned as the elements are rotat1,d. It was found that good 
results ar<> obtained with the element rotating at about 900 rpm and the 
lead screw set at a 1/16 mch pitch, so that an elemt:nl i,;; com;iletely scanned 
in about 9 seconds. ,. 
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In this case it is dcoil'a·-lle that the alarm circul' of the automatic 
scanning equipn1ent iti out initiated fc:::-· n1any of the sm:1llcr unbcndcd areas 
that are encountered. This is because the extent to which a given flaw impedes 
the flow of heat is prop->nional to its area, and in the interest of economy 
flaws smaller than a specified area are considered salisfactory for nuclear 
~xposure. Consequently, a transducer spacing was determined which detects 
only those flaws extending more than a specified value in the scanni11g dir.iction 
(alon~ the axis of the element). 

An interesting testing problem presented itself with the so-, "ll""d 
Internally-Externally cuoled fuel element. This element is similar to the 
standard Hanford element described above, except that an axial hole 
approximatf'ly three-eighths of an inch in diameter runs throughout its 
length. The surface exposed by the hole is bonc!ed to an aluminum sheath, 
like the outside surface, and water is circulated through it to provide 

rii) 
additional cooling. Unbonded areas ap,-iearing at the inside uranium-
aluminum interface arc objectiou~ of course, for the same reason as they 
are on the outside. 

It was found i:.fter considerable experimentation that Lamb waves 
could also be applied to the testing of the inside surface for unbonds. An 
experimental probe that has been used t,.- test many elements is shown in 
Figure 7. The main problem in the construction of this type of probe is 
setting the angular position c:,f the transducers properly. In practice these 
settings are obtained experimentally, and then tlecured by potting the assembly 
in epoxy resin. Nylon bearings placed at each end of the transducers rotate 
with the element as it is scanned and serve to orient the transducers with 
respect to the tube wall. 

Destructive ..!Xamination has shown good correlation between the 
signal e.:;hot::,; aw.I nctual flaws. This tesi 1s operated at about the same 
scanning rate as the test of the outside surfac"'. The transducer assembly 
shown operates at a tes~ frequency of 20 megacycles per second. 
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TESTING TfilN STRIP 

Lamb waves also offer a convenient method of tesling thin metal 
strips One such application investigated concerns the testing of brass 
strips 0. 024 inches thick for the purpose of detecting abnormal grain 
structure. Many workers have observed in metals an increase of ultrasonic 
absori;'.ion with increasing grain diameter, and an experimentally determined 
relationship between grain size, the wave length of ultrasound, and absorption 
in beass has been previously reported. (J) 

However in applying these results to testing thin sections with 
conventional methods, difficulty is encountered in providing a transmitting 
pulse short enough in time to resolve the front and back surface echoes. 
Lamb waves offer a neat alternative approach to the problem since they are 
r-eadily established in thin sections, and since these waves also travel in 
n,etals with an attenuation that increases v. ith the size of the grain structure. 
The results of testing 0. 024 inch brass and 1/16 inch steel strip with this 
kchnique are showu iu Figu1·t a. Thte lransclucter angles were set to establish 
a given mode in the sample under test, and then left fixed as other samples 
with different grain structures were tested. It is apparent that abnormal 
structures can be detected fr'lm their effect on the amplitude of the received 
sigm•l. 

The testing of thin strip for laminar flaws also suggests itself as 
another application of Lamb waves. In this case the absence rather than 
the presence of waves could reveal the flaw in much the same way as the 
loss of back reflection is sometimes used to reveal flaws in single crystal 
testing. Suppose, for the sake of illustration, that we wish to test aluminum 
strip O. 0 ;JO incheo thick. If we choose a test frequency of five megacycles 
per second, the first symmetrical mode would be established in a flaw-free 
section of the strip at an angular setting of the transducers of approximately 

(3) Worlton, 0. C., ''Nondestructive Grain Sio:e Measurements with 
Ultrasonics", Journal of Nondestructive Testing, Volume Xlll, No. 
6 (November-D"ecember 1955), pages 24-26. 
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30 degrees. With the transducers so set, a large response would be 
present at the receive transducer. If llON a section of strip containing 
a laminar flaw were tested, the received signal wot:ld disappear since 
the flaw would in effect reduce the ',ickness of the plate. As seen from 
Figure 1, frequency depth products smaller than the value under co~ideration 
(1. 5 x 105 cycles in. /sec) rapidly changes the angular s:-ttings at which 
Lamb waves are estaf>lished. This is a goo'.l example of an application 
where conventional testing methods have been of little value. 
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I 2 3 4 
FREQUENCY X DEPTH X 105 CYCLES INS/SEC. 

F!GURE 1 

Lamb Wave Phase Velocity Versus Product of D~th Times 
Frequency for First Three Symmetrical and Antisymmetdcal Modes 
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