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AN ELECTROMAGNETIC TRANSDUCER FOR GENERATION AND DETECTION 

OF BOTH LONGITUDINAL AND TRANSVERSE ULTRASONIC WAVES 

Katsuhiro Kawashima 

ABSTRACT 

An electromagnetic ultrasonic transducer that generates 

and detects both longitudinal waves and radially polarized 

transverse waves was made and tested on aluminum, brass, copper, 

and mild steel. The transducer detected an artificial flaw in 

aluminum with a fairly good signal-to-noise ratio. It was also 

shown experimentally with the electromagnetic transducer that 

the mode conversion between a longitudinal wave and a radially 

polarized transverse wave occurs with a fairly good efficiency 

at the vertical reflection. 

INTRODUCTION 

The method of electromagnetic generation and detection of ultra-

sonic waves has recently been developed as a new method for applying ultra-

sound. ~ The ultrasonic wave is generated directly inside the metal by 

^On temporary assignment from Nippon Steel Corporation, 

2-6-3 Otemachi, Chiyodaku, Tokyo, Japan. 

^E. R. Dobbs and J. D. Llewellyn, "Generation of Ultrasonic Waves 

Without Using a Transducer," Non-Destr. Test, (Guilford^ Engl.) 4(1): 

49-56 (February 1971). 

^K. 0. Legg and D. J. Meredith, "Flaw Detection in Metals Using 

Electromagnetic Sound Generation," J. Phys. D 3% L61—L63 (1970). 

"̂ E. R. Dobbs, "Electromagnetic Generation of Ultrasonic Waves in 

Metals," J. Phys. Chem. Solids 31: 1657-67 (1970). 

^D. J. Meredith, R. J. Watts-Tobin, and E. R. Dobbs, "Electromagnetic 

Generation of Ultrasonic Waves in Metals," J. Aaoust. Soa. Amer. 45(6): 

1393-1401 (1969). 

^A. G. Betjemann et al., "R. F. —Ultrasonic Wave Generation in 

Metals," Phys. Lett. A 25(10): 753-54 (1967). 

^J. R. Houck et al. , "Direct Electromagnetic Generation of Acoustic 

Waves," Phys. Rev. Lett. 19(5): 224-27 (1967). 

®P. R. Larsen and K. Saermark, "Electromagnetic Excitation of Elastic 

Modes in Aluminum," Phys. Lett. A 26(7): 296-97 (1968). 

®H. Wustenberg, "Contactless Electrodynamic Ultrasonic Transducers and 

Their Application to Ultrasonic Inspection," pp. 37—48 in Preprints 6. 

ICNT Vol. Bj 1970^ Deutsche Gesellscaft fur Zerstorungsfreie Prufverfahren 

e.V., Berlin. 

^°R. Botsco, "The Eddy-Sonic Test Method," Mater. Eval. 26(2): 21-26 

(February 1968). 
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the interaction of a magnetic field and eddy currents that are induced 

by an induction coll placed on the metal surface. Then an interaction of 

the ultrasonic wave with the magnetic field gives rise to eddy currents, 

which are detected by an induction coil. The technique is similar to eddy-

current nondestructive testing, and the physical phenomenon for detecting 

flaws and measuring material properties is that of ultrasonic nondestruc-

tive testing. The main advantages of this technique are summarized as 

follows: 

1. An ultrasonic wave can be generated without any contact between 

a transducer and a material being tested. This characteristic is useful 

for materials that are at high temperatures, are moving, have rough sur-

faces, or must be protected from contamination by water or oil used in 

conventional ultrasonic testing. 

2. The technique can generate ultrasonic waves of several different 

modes. Various combinations of the directions of the magnetic field and 

eddy currents can generate different ultrasonic wave modes, some of which 

can never be generated by a conventional ultrasonic transducer. 

We built a transducer that has a simple structure and can generate 

and detect both longitudinal and transverse waves and used it to test steel 

aluminum, brass, and copper. 

THE PRINCIPLE OF THE TRANSDUCER 

One principle of operation of the transducer can be explained with 

the help of Fig. 1. If the eddy current, J, has only an azimuthal com-

ponent, and if the static magnetic flux, B, has only a radial component, 

the exerted force, F, has only a vertical component. 

GRNL- DWG 75-6945 

iXl M 

Fig. 1. Action of Transducer with Azimuthal Eddy Current I and 

Static Magnetic Flux B Having Only a Radial Component. 
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If the penetration depth of high-frequency eddy currents is much less 

than the ultrasonic wave length, the volimie force exerted by the eddy 

current can be considered to be a surface force by integrating it over 

the depth. In this case, a longitudinal wave and a small amount of 

radially polarized transverse wave are generated. •'̂~'''* If the static 

magnetic flux has only a vertical component (see Fig. 2), the force, F, 
has only a radial component. In this case, a radially polarized trans-

verse wave and a small amount of longitudinal wave are generated. •̂  ̂"-̂"̂  

ORNL-DWG 75-6946 

1X1 iXI 

Fig, 2. Action of Transducer with a Static Magnetic Flirsc Having 

Only a Vertical Component. 

If the static magnetic flux has both radial and vertical components, both 

longitudinal and transverse waves are generated. The amounts of both 

waves depend upon both radial and vertical components of the static mag-

netic field. (See Fig. 3.) 

•̂'•Katsuhiro Kawashima, An Eleatromagnetio Ultrasonio Transducer, 

ORNL-5063 (in press). 

^̂ R. L. Roderick and R. Truell, "The Measurement of Ultrasonic 

Attenuation in Solids by the Pulse Technique and Some Results in Steel," 

J. Appl. Phys. 23(2) : 267-79 (February 1952), 

•'̂ F. Miller and H. Pursey, "The Field and Radiation Impedance of 

Mechanical Radiators on the Free Surface of a Semi-Infinite Isotropic 

Solid," Proo. B. Soa. London Ser. A., 123'. 521-41 (1954). 

•̂ "̂ Katsuhiro Kawashima, The Theory and Numerical Calculation of the 

Acoustic Field Exerted hy Eddy-Current Forces, ORNL-5065 (in preparation) 
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•LARGE COIL FOR STATIC MAGNETIC FIELD 

Fig. 3. Action of Transducer with Static Magnetic Flux Having 

Both Horizontal and Vertical Components. 

An ultrasonic pulse is detected by a pickup coil through an exactly 

opposite phenomenon. This report presents an electromagnetic ultrasonic 

transducer that has a simple structure and can generate and detect a 

relatively large amount of a radially polarized transverse wave and a 

small amount of a longitudinal wave. 

EXPERIMENTAL METHOD 

The transducer consists of a large coil to generate the static 

magnetic field, a small driver coll to generate the eddy current, and a 

small pickup coil (see Fig. 4). The large coil has a steel pole piece In 

it to enhance the magnetic field. A direct current of 6 A runs through 

the big coil. The vertical component of magnetic flxix near the steel pole 

piece varies from point to point between 5.8 and 3.5 kG, as shown in Fig. 5 

The horizontal component is 4 kG. The outer radius of the driver coil is 

9.8 mm, the inner radius is 3.6 mm, the thickness is 0.92 mm, including 

insulators, and the number of turns is 11. The pickup coil is located 

coaxially outside the driver coil. The outer radius is 12.5 mm, the Inner 

radius is 9.8 mm, the thickness is 0.92 mm, including an insulator, and 

the number of turns is 200. The pickup coil is located outside the driver 

coil because (1) the peak intensity of the radially polarized transverse 

wave is off axis, and (2) the coupling efficiency between the coils and 

material is better when both coils are located very near to the material. 
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ORNL-DWG 75-6948 

Fig. 4. Electromagnetic Ultrasonic Transducer. 

A spark gap is used to make a single pulse of high current in the 

driver coil. A capacitor (9.75 nF) is charged by a dc power supply 

(17.5 kV) through a large resistance (25 mQ). When a voltage breakdown 

occurs in the spark gap, a resonance circuit consisting of the capacitor, 

the driver coil, and a resistance (95 mf2) is formed, and a large high-

frequency current runs through the circuit. The current is estimated by 

measuring a voltage difference across the 95-mfl resistance. The ultra-

sonic signal detected by the pickup coil is amplified 120 times and dis-

played on a cathode ray tube and photographed with a Polaroid camera. 

Figure 6 is a block diagram of the testing circuitry. The values of 

driver coil peak current and frequency for each of the materials tested 

are given in Table 1. All the samples were tested with the same trans-

ducer under the same conditions. 
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F i g . 5 . Magnetic Flux in the Neighborhood of the Transducer . 

ELECTROMAGNET-

DRIVER COIL-

-17.5 kV# M ^ -

2 5 M n 

9.75 nF 

ORNL-DWG 75-6950 

dc CURRENT 

-PfCKUP COIL 

95 mfi$ METAL BEING 
TESTED 

JI" 
If 

CRT 

Fig . 6. Block Diagram of C i r c u i t r y . 
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Table 1. Samples and Driver Coil Current Characteristics 

„, . 1 „ Approximate 

Thickness Frequency „ '̂, „ 

Peab 

(A) 

Sample . . ,Zru \ Peak Current 

(mm) (MHz) 

Aluminum^ 76.7 1.33 2000 

Brass 58.4 1,28 1900 

Copper 37.7 1.30 1900 

Steel 59.9 1.30 2300 

Two aluminum samples were tested; one had a 6.6-mm-diam flaw 

46.3 mm deep, 

EXPERIMENTAL RESULTS 

The ultrasonic echoes for the aluminum specimen without a flaw are 

shown in Fig, 7. The paths for these echoes are represented by Fig. 8. 

All the echoes in Fig. 7 are explained by the following assumptions: 

(1) Both longitudinal and radially polarized transverse waves are gen-

erated and detected by the transducer. (2) Mode conversion between longi-

tudinal and radially polarized transverse waves occurs at each reflection. 

The first signal Bz% consists of only a longitudinal wave and is 

detected at t = lt% = 1LIC% (Cĵ  is the longitudinal wave velocity and L 
is the sample thickness). The second signal B^ ^ consists of a radially 
polarized transverse wave that results from the mode conversion of the 

longitudinal wave at the far end of the sample, and also of a longitudinal 

wave that results from the mode conversion of the radially polarized 

transverse wave. Signal B^,t is detected at t - *£ + t^ = t^ + t£ = LlC^ 
L/C-f^ (C^ is the transverse wave velocity) , Signals Bki and Sa-̂  are 

detected at t = hj^^ and t = 2tf respectively, making it difficult to 

resolve them into two independent echoes, because 4t£ is nearly equal to 

2t^ in the case of aluminum. All the pulses of Figs. 9 through 12 for the 

other samples are explained similarly. 

An echo that completes n round trips may be detected at (2n + 1) 
different times as represented by Eq. (1), and may take 2 ^ different com-
binations of paths: 

time = ngti + n^t^. , (1) 

where n£ + n^ = 2n. 

Examples for echoes that complete one or two round trips and some 

that complete three and four round trips are shown in Table 2. Table 2 

shows that many echoes can exist, and the number increases rapidly with 

the increasing number of round trips. This is why many echoes appear 

at later times. 
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Fig. 7. Ultrasonic Pulse in 76.7-mm-thick Aluminum. ( 

15.07 V/division; time base 21.1 ysec/division. (b) y axis 
time base 10.4 ysec/division. 



0RNL-0W6 75-6956 
REAR SURFACE 

OF SAMPLE 

TRANSDUCER! 

®-LONGITUDINAL WAVE 

«» TRANSVERSE WAVE 

C^ = 6400 m/sec 
Cf = 3120 m/sec 

TIME 

Fig. 8. Time Table for Echoes in Unflawed Aluminum. 
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Fig. 9. Ultrasonic Pulse in 76-mm-thick Alimiinum with a 6.6-imn-diam 

Flaw 46.3 mm deep. (a) y axis 7.53 V/division; time base 21.1 ysec/divi-
sion. (b) y axis 3.77 V/division; time base 10.4 ysec/division. 
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ORNL-DWG 75-6953 

'2i 

^4i>^2f 

5̂̂ ,t''̂ i2,3t 

^6i'^2i2,2t 

'3£,t -B 

Fig. 10, Ultrasonic Pulse in 58.4-mm-thick Brass. (a) y axis 

15.07 V/dlvision; time base 105 ysec/division. (b) y axis 3.77 V/division; 

time base 21.1 ysec/division. 
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ORNL-DWG 75-6954 

• J 

^ 4 i • ^ 2 t " " 

/• i\ Ol ! ;: 

^—B 
^ 6 j g ' ^ 2 i , 2 t 
3 i , t 

(a) 

'-.•?.•'i-.\:^ v.t'.- .;-..•,.. •;.•.•.:••> ••>. ••«•.; .•.••••-;>;•.*' ;•.-
. * 1 - ; " - . , «f . * . . . ^ . i ^ , , \ * . .» . . . * j , . - . , . 

•I "•*" 

, . * • * » * . • • * ^ . 

•Ur?'.'':" 
• ^ V ; ^ - c . ^ ' ' " 

J 

' ^4 i ' ' ^2 t 

^j2, t 

T 
' ^ 8 j 2 ' ^ 4 i , 2 t ' ^ 4 t 

'~^5 i? , t ' ' ^ i2 ,3 t 

'^3i2,t 

Fig. 11. Ultrasonic Pulse in 37.7'-imn'-thick Copper. (a) y axis 

15.07 V/divlslon; time base 21.1 ysec/division. (b) y axis 7.53 V/divi-

sion; time base 10.4 ysec/division. 
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ORNL-DWG 75-6955 

''-•^">s;«i5-»:i**'-'5-*'i ••;•• 
.•....•.i•-̂ -••.;;?*S,•V :-VcS • -V-

il'^i 
* • • . * , 

%§^t 

2̂t •'41 

(*) 

Fig. 12. Ultrasonic Pulse in 59.9-mm-thick Steel. (a) y axis 

7.53 V/division; time base 52 ysec/division. (b) y axis 7.53 V/division; 

time base 10.4 ysec/division. 
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Table 2 . Paths and A r r i v a l Times of Echoes 

Possible Different Paths 

2t„ 

One Round Trip 

l,t 

2*^ *t^*t 

4t„ 

** + *£ + *£ + H 

Two Round Trips 

3£,t 

2*£ + 2*t *t + *t + *£ + h 2^.2* 

*£ + * * + * * + *t 

*£ + 3*^ °£.3t 

4t^ 
t t t t 

6*n 

Three Round Trips 

*£ + *£ + *£ + *£ + *£ + *£ 

5*£ + *t 

**£ + ^h 

4 other 

times 

6 different paths 

15 different paths 

42 different paths 

8t, 

Four Kound Trips 

8 other 

times 

255 different paths 

(2n + 1) 

different 
times 

n Round Trips 

2 different paths 
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The transducer is designed to give a better efficiency for the 

radially polarized transverse wave than for the longitudinal wave. This 

is done by making the vertical component of the stationary magnetic 

flux larger than the radial component, and also by locating the pickup 

coil outside the driver coil. Consequently, Bat is larger than B21 in 
every picture. A flaw signal (Fi) is noticeable in Fig. 9. This shows 

that the radial transverse wave is capable of flaw detection. 

Only transverse wave signals are distinguished in the case of steel 

(ferromagnetic material) (Fig. 12) because many small broad signals are not 

fully explained. The longitudinal wave velocity (Co) and transverse wave 

velocity (C^) of the samples were measured from B2I and Bat of Figs. 7 and 
9 through 12, and are shown in Table 3. The small difference between the 

measured and Handbook values is mainly due to the different samples used. 

Table 3. Wave Velocities 

Material 

Aluminum 

Brass 

Copper 

Steel 

Measured 

Ci 

6400 

4550 

5000 

Velocity, 

Value 

^t 

3120 

2250 

2450 

3330 

m/sec 

Reported 

cn 

6420 

4700 

5010 

Value 

^t 

3040 

2110 

2270 

3240 

%. E. Gray et al., eds., American Institute of Physios Handbook, 
McGraw-Hill, New York, 1957, p. 3-80. 

CONSIDERATIONS ABOUT MODE CONVERSION 

Echo signals similar to those in Fig. 7 have already been detected by 

conventional piezo electric transducers. However, a proper explanatic 

of the phenomenon was not made in any of the referenced works. 

^^J. Krautkramer and H. Krautkramer, Ultrasonic Testing of Materials, 

Springer-Verlag, New York, 1969. 

^^W. Grabendorfer and J. Krautkramer, "Impuls-Echo-Prufung an 

Plattenformlgen Korpem," Z. Metallk. 49: 22-26 (1958). 

^''M. A. Kassem, "Echo-Phantoms," Iron Steel Inf. 29(12): 503-9 (1956) 
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The mode conversion between a longitudinal wave and a radially 

polarized transverse wave is very different from the mode conversion 

between a longitudinal wave and a linearly polarized transverse wave. 

The restraint by the solid surface and the sharpness of the ultrasonic 

beam lead us to the following simple considerations that help us to under-

stand the mode conversion between a longitudinal wave and a radially 

polarized transverse wave. When a longitudinal wave that has an axially 

symmetric intensity distribution arrives at a boundary [see Fig. 13(a)], 

it deforms the boundary. A point A on the boundary is displaced not only 

vertically but also horizontally by this deformation. Horizontal displace-

ments distribute symmetrically around the axis, producing a radially 

polarized transverse wave. When a radially polarized transverse wave 

arrives at a boundary [see Fig. 13(b)] and causes a radial horizontal dis-

placement, some of the material is squeezed out vertically because the 

material can not shrink infinitely. Consequently, a point, B, on the 

boundary is displaced not only horizontally, but also vertically, and some 

longitudinal wave is generated. When a linearly polarized transverse wave 

arrives vertically [see Fig. 13(c)] at a boundary and causes a horizontal 

displacement, no vertical displacement occurs because a one-direction 

horizontal displacement can be absorbed into the spreading material without 

causing any vertical displacement. 

ORNL-DWG 75-5784 

: > DIRECTION OF WAVE PROPAGATION 
•^ TRANSVERSE PARTICLE DISPLACEMENT 

- * LONGITUDINAL PARTICLE DISPLACEMENT 

V 

^ 1 I B | I I 

[a) (b) (c) 

Fig. 13. Interactions of Incident Beams of Ultrasound with Surface, 

Showing Possibility of Mode Conversion. (a) Incident longitudinal wave 

produces lateral compression, generating radially polarized transverse 

wave. (b) Lateral restraint of vibrations from incident radially polarized 

transverse wave sets up longitudinal vibrations in reflected wave, 

(c) Vibrations of incident linearly polarized transverse wave are not 

restrained, so no mode conversion occurs. 
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Very high sensitivity and special care are necessary for both a 

longitudinal wave and a radially polarized transverse wave to be detected 

by a piezoelectric transducer made for a longitudinal wave.'''̂ "'' In the 

case of a conventional piezoelectric transducer, there is usually a liquid 

layer between the transducer and sample (see Fig. 14). Only longitudinal 

waves (ii) can travel through liquid. A longitudinal wave (£2) ̂ îd a small 

amount of radially polarized transverse wave (ta) are generated at the 

boundary of liquid and solid through mode conversion. At the far end of 

the solid, mode conversion occurs, and both waves (£3, ts) are generated. 

The longitudinal wave (£3) is detected easily as longitudinal wave (£4), 

but the radially polarized transverse wave (t3) can be detected only as 

longitudinal wave (£5) after mode conversion at the boundary. Thus, very 

high sensitivity and special care are necessary to detect £5, since its 

amplitude has been made smaller and smaller through several mode conversions 

and is too small to be detected by usual techniques. 

ORNL-DWG 75-5785 

PIEZOELECTRIC TRANSDUCER 

^5 - . - - « i LIQUID LAYER 

SOLID 

-»-. LONGITUDINAL WAVE 

^•. RADIALLY POLARIZED 
TRANSVERSE WAVE 

Fig. 14. Mechanism of Detecting Transverse Ultrasonic Waves with 
a Piezoelectr ic Transducer. 
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CONCLUSION 

The electromagnetic ultrasonic transducer generated and detected a 

relatively large amount of radially polarized transverse wave and a small 

amount of longitudinal wave in nonmagnetic samples. The characteristics 

of the transducer for a ferromagnetic sample were different, mainly because 

of the distortion of the magnetic field by the sample. It was also shown 

experimentally with the electromagnetic transducer that the mode conversion 

between a longitudinal wave and a radially polarized transverse wave occurs 

with a fairly good efficiency at the vertical reflection. 
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