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ABSTRACT. Magnetostrictive sensor (MsS) technology is an emerging method to cost-effectively monitor large 

structures with ultrasonic guided waves. The technology has been established as a pipeline inspection tool for 10 

years. Recent developments have expanded the use of MsS technology to the inspection of thin plate structures, thick 

vessels, and cables. In this paper, bulk wave, surface wave, and guided wave applications for inspecting a number of 

different types of components are discussed. Example tests showing damage detection with different wave modes are 

discussed. 

INTRODUCTION

 Magnetostrictive Sensing (MsS), a technology developed and patented by SwRI
 [1]

, uses a 

probe that generates and detects guided waves electromagnetically in the material under testing. 

The distinguishing characteristics of MsS over other guided wave approaches are the capability to 

produce pure torsional modes, relatively broad frequency response and very inexpensive sensors. 

The initial target area of the technology was for long-range inspection and monitoring of pipeline 

structures. Since the early 1990’s 
[2,3]

,SwRI also has extensive experience in utilizing the MsS 

technology to inspect and monitor pipes, plates, anchor rods, bridge cables and other such 

geometries with the guided wave modes. Many applications, however, are not conducive to 

traditional guided wave inspection because of either geometric complexity or the nature of damage 

expected. 

 To expand the use of the MsS technology into new areas, this paper primarily describes new 

applications of MsS technology using bulk and surface guided waves. A review of the MsS for 

guided waves is given in Section 3. Theoretical and experimental verification of bulk and surface 

wave generation with MsS are presented in Section 4 for both approaches and concluding remarks 

are made in Section 5.  

BACKGROUND

 The MsS technology is a practical tool for the generation and reception of a guided wave in 

many common engineering structures. For wave generation, the approach relies on the 

magnetostrictive (or Joule) effect: the manifestation of minute changes in the physical dimensions 

of the ferromagnetic materials caused by an externally applied magnetic field. For receiving elastic 

waves, the MsS probes rely on the inverse magnetostrictive (or Villari) effect: a change in the 

magnetic induction of a ferromagnetic material caused by a mechanical stress or strain. 

 To improve the efficiency of the magnetostrictive effects, a thin (typically 0.15 mm) Iron 

Cobalt (FeCo) strip is bonded to the part under inspection. Although the magnetostrictive effect 

can be driven directly into any part made of ferromagnetic material, the magnetostrictive 
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properties of FeCo are superior to most ferromagnetic materials, and is, therefore, more efficient at 

converting the magnetic field into an ultrasonic wave. Additionally, the use of a FeCo strip permits 

the application of MsS on nonferrous parts. The strip is magnetically biased using either a magnet 

or an induced residual magnetization, and an electronic coil is then placed over the FeCo strip. 

When driven by an alternating current, the coil produces a corresponding magnetic field that 

induces a time-varying strain change in the strip material. This strain change is then coupled into 

the part under inspection as an ultrasonic wave. 

 The operating wave mode of the magnetostrictive transducer is controlled by a relative 

alignment between the bias magnetic field and the time varying magnetic field produced by an 

electronic coil. A good discussion of the fundamental equations governing these relative magnetic 

alignments can be found in Cho [4]. Thus, by controlling the relative magnetic alignments and the 

frequency of excitation, most ultrasonic modes can be independently generated. Traditionally, 

shear guided waves have been used to inspect plate structures, and torsional guided waves have 

been used to inspect pipes. To generate these waves, the alternating magnetic field must be 

generated perpendicular to the magnetic bias field and along the surface of the strip. An illustration 

of a typical coil used for MsS plate inspection is shown in Figure 1.

FIGURE 1. Illustration of typical MsS coil pair for generating shear horizontal guided waves in thin plate 

structures 

 For guided wave applications, the wavelength of the ultrasonic pulse is greater than the 

thickness of the structure. For many structures, however, this requires very lower frequencij /vLt20 

kHz), which lowers the defect detection capability. A potential solution to this limitation is to 

generate either bulk or surface-guided ultrasonic waves. 

BULK AND SURFACE WAVE GENERATION WITH MSS 

 It has commonly been reported that standard electromagnetic acoustic transducers/vLEMATs), 

which share similar theories of operation to the MsS approach described, can be used to generate 

bulk and surface waves. The type of wave that is generated is determined by a combination of the 

sensor design and the part geometry.  

 The basic principle of an EMAT is that a conductor carrying current near the surface of a metal 

under a magnetic field will induce an electromagnetic force given by Lorentz equation 
[5]

. The 

angle of peak energy of bulk waves is given as 

sin2L ,/vL1)

where L is the coil spacing of a meander-type EMAT coil and  is the wavelength of the 

ultrasonic wave. Additionally, Thompson reports/th at the directivity pattern for a 500 kHz EMAT 

has several lobes, as shown in Figure 2. Notice the strong lobe in the range of 30 to 70 degrees and 

the lack of a lobe at 0 degrees. 
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FIGURE 2. Radiation pattern for an EMAT source similar to the MsS sensor 

 The remainder of this section discusses two innovative uses of MsS sensing for the generation 

and sensing of bulk and surface-guided ultrasonic waves. 

Bulk-Wave Generation with MsS 

 Following the theory of EMAT transducers, the MsS sensor technology is theoretically capable 

of producing bulk waves. A bulk wave should be generated any time the part geometry is several 

wavelengths thicker than the principle frequency content of the waves generated. During MsS 

operation on plate structures using the coil depicted in Figure 1, the evidence of bulk wave signal 

generation has been noted. To investigate this possibility, two MsS probes were installed at two 

locations of a 152.4-mm by 406.4-mm by 50.8-mm block of aluminum, as illustrated in Figure 3. 

Each probe was constructed in a fashion typical of the MsS guided wave probes used on thin plate 

structures. Two thin (0.15 mm) strips of FeCo measuring approximately 7 mm wide by 25 mm 

long were bonded to the surface of the block and then magnetized along their length. Coils similar 

to the one depicted in Figure 1 were then bonded to each of the strips. The coils apply a time-

varying magnetic field across the width of the FeCo strip. The resulting sensor serves as both a 

transmitter and receiver of the ultrasonic wave. 

 The experimental approach was to generate ultrasonic waves using a standard 500-kHz MsS 

probe and a magnetic biasing field for generating shear horizontal (SH) guided waves. Since the 

wavelength of a 500-kHz SH wave in aluminum was approximately 6 mm and the thickness of the 

specimen is 152.4 mm, the majority of the resulting ultrasonic energy propagated as bulk shear 

waves rather than guided waves. The amplitude of the different propagation paths was compared 

to the directivity pattern shown in Figure 2. After examining the directivity, a round-bottom hole 

3.2 mm in diameter and 25.4 mm in depth was machined approximately 50.8 mm below the top 

surface of the aluminum block between the two MsS probes, shown as the “X” in Figure 3. 

Ultrasonic responses were acquired to determine if the damage was detected. 

FIGURE 3. Illustration of thick block test setup to evaluate the capability of the MsS technology to inspect 

thick sections. Note the defect indicated as position “X” was placed in the block after initial wave propagation 

data were collected. 
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 The data obtained from the sensor at location MsS-1 and the associated metal paths are shown 

in Figure 4. The distances assume a shear bulk wave velocity for aluminum. The metal paths for 

the signals received from the bottom surface and the corners are 152.4 mm, 393.7 mm, and 431.8 

mm, and are denoted as 1, 2 and 3, respectively. These metal paths correspond well with the 

signals marked 1, 2, and 3. Additionally, two skips or “V-paths” are possible, illustrated in Figure 

4 as beam paths 4 and 5. The data shown also correspond well to these metal paths. 

FIGURE 4. MsS data collected and associated metal paths from the thick aluminum block using the MsS at 

position 1 

 Similar data were obtained for the MsS-2 sensor location. These data and the metal paths are 

shown in Figure 5 with the metal paths and predicted radiation pattern superimposed. For MsS-2, 

the signal obtained was much more complicated due to the potential for twice the free paths, but 

most of the signals can be traced through metal path analysis. The signals in Figure 5 marked 1-7 

correspond to the illustrated metal paths. Furthermore, by superimposing the directivity pattern of 

Figure 2, the signal amplitudes that exhibit the strongest response are within the theoretical lobes 

of a similar EMAT sensor. These results are encouraging in observing that the MsS can be used to 

generate bulk shear waves. 

FIGURE 5. MsS data collected from the thick aluminum block using the MsS-2. Metal path analysis of signals 

observed using MsS-2 on the test block are illustrated with a superimposed directivity pattern from the EMAT 

source.
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 To examine the defect detection capability of the bulk wave approach to MsS, a small defect 

was placed in the test block in position X, shown in Figure 3. This defect was a 3.2-mm-diameter 

hole approximately 25.4 mm deep. MsS data were then collected again for the MsS in the two 

locations previously used. The signal from the defect at position X is clearly detectable from both 

sensor locations as shown in the waveforms in Figure 6. Thus, the MsS sensor was successfully 

operated as a bulk wave transducer.

FIGURE 6. MsS data collected from both MsS-1 (left waveform) and MsS-2 (right waveform) on the test block 

with a 3.2-mm-diameter hole approximately 50.8 mm below the surface and 76.2-mm metal path on a 45 degree 

line from both probe locations.

Surface Wave Generation with MsS 

 As with bulk waves, the MsS probes are only capable of generating surface waves in parts that 

are much thicker than the wavelength of the principle frequency content of the probe. Unlike the 

bulk wave mode of operation, guided wave magnetic field orientation cannot be used to generate a 

surface wave. Therefore, a new design of the MsS probe was needed for generating surface waves. 

A literature survey indicated that meanderline coils, in conjunction with a magnetic bias field 

roughly perpendicular to the planar surface of the part under inspection, have been very successful 

for generating surface waves using the magnetostrictive effect in other applications, as described in 

Tsai
[6]

.

 Magnetic simulations were conducted to balance the design requirements necessary to satisfy 

the theory of the magnetostrictive approach with the restrictions placed on the coil design by the 

MsS instrumentation and the limitations of practical coil fabrication. The simulation optimized the 

trace positioning and spacing based on defined inputs, such as the number of times the 

meanderline should repeat on the coil and the total number of traces to use on the pattern. The coil 

was also designed in a way to allow multiple coils to be stacked vertically and be connected in 

series, forming a single multi-layer coil. Based on these simulations, the coil depicted in Figure 7 

was fabricated. 

FIGURE 7. Single layer of 500-kHz meanderline coil for MsS surface wave generation. The active region of the 

coil measures 102 mm long, and there are four meanderline repetitions, each with four wire traces, resulting in 

a coil width of 25 mm. The coil was designed to allow multiple layers to be stacked in series, forming a single 

multi-layer coil. 

 Preliminary testing showed that the optimum coil arrangement consisted of a single layer 

transmitter coil and a two layer receiver coil with the coils connected in series. To provide the 

magnetic field through the thickness of the material, magnets were placed over the coil and the 
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FeCo strip with magnetic field lines that passed nominally through the thickness of the strip. In all 

testing, 38.1-mm-long, 19.1-mm-wide, 6.4-mm-thick N42 grade neodymium magnets with 

through-thickness magnetization orientation were used. Two magnets were used with their 

respective poles placed in opposite orientations. Illustrations of the probe layout with two magnets 

are shown in Figure 8. 

FIGURE 8. Illustration of the probe layout with two magnets. The magnets (A) have a pole orientation that 

permits the majority of the field lines to pass through the FeCo strip (C) thickness below. The electronic coil (B) 

consists of one meanderline layer in the case of transmitter sensors and two meanderline layers connected in 

series in the case of receiver sensors. A FeCo strip (C) is bonded to the inspection surface. Note that with two 

magnets, the entire coil length was not covered. 

 Once it was established that the probes could transmit a surface wave, a test was conducted to 

evaluate the detection sensitivity of the probes. Two FeCo strips were bonded to one end of a 50-

mm-thick carbon steel plate with a notch near the opposite end. The transmitter and receiver 

probes were fixed over the appropriate strips, and two bias magnets were positioned over each 

probe in the fashion illustrated in Figure 8. The MsS instrumentation was set to acquire data in a 

monitoring mode, where data would be acquired periodically with the same instrument settings. 

The test arrangement is illustrated in Figure 9. 

FIGURE 9. Arrangement of defect detection sensitivity test setup. The overall dimensions of the plate were 

1220 mm long by 406 mm wide by 50 mm thick. The original notch measured 76 mm wide by 6.7 mm deep. 

 An initial data set was acquired on the MsS probes with an appropriate gain to produce a signal 

from the original notch that measured 1 Vpp. Afterward, a notch was cut into the plate using a 

115-mm-diameter rotary saw blade at the predetermined location, and a subsequent waveform was 

recorded. The notch was incrementally increased in size as noted in Table 1, and a waveform was 

recorded after each change. 

 Table 1. List of Single Notch Sizes Tested Using the MsS 

Notch 

Number 

Defect 

Differential 

Amplitude

(Vpp) 

Length 

(mm)

Depth 

(mm)

Cross 

Section

(mm
2
)

1 0.0461 19.61 0.79 5.8 

2 0.1083 27.20 1.60 14.8 

3 0.1967 51.79 1.91 61.9 

4 0.5794 52.07 3.51 91.6 

5 0.8326 78.36 3.63 189.0 

6 1.0686 78.36 5.26 247.7 

7 1.0300 102.13 5.44 383.2 

8 0.8475 130.10 5.59 547.7 
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9 1.2336 130.10 10.06 893.5 

 The data sets acquired over the course of the test are provided in Figure 10. In these data sets, 

both the transmitted signal and the signal returned from the back edge of the plate are present, but 

both signals are saturated due to the gain. The signal from the first notch is also present at about 

1700 mm. The increased gain has also made a number of other signals apparent along the full 

length of the waveform. The majority of these signals are reverberations from the back side of the 

plate interacting with the transmitter and receiver probes. 

FIGURE 10. A selection of acquired monitoring waveforms from the MsS surface wave defect detection 

sensitivity test 

 Based on an inspection of the monitoring waveforms, a change is not apparent until the third 

monitoring data set, when the notch reached 51.79 mm in length. In this data set, a slight change is 

observed in the signal located near 1420 mm. The signal from the original notch has also been 
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reduced due to the growth of a feature that has obstructed the sound path to the original notch. For 

later data sets, the signal reflection from the growing defect is noted to increase, completely 

blocking the original notch signal. The defect signal is also observed to widen, appearing between 

1400 and 1470 mm. 

 Subtracting the reference waveform from each subsequent monitoring waveform produces the 

differential waveforms shown in Figure 11. A signal change corresponding to the test defect is 

clearly observed to grow throughout the testing. The differential signal returned from the original 

notch is also observed to grow. As the test notch increased in size, the original notch was 

obstructed, causing its reflected signal to reduce in amplitude over the course of the test. As a 

result, the differential signal from the original notch, as well as signals from features behind the 

notch, increases in amplitude. 

FIGURE 11. Differential waveforms from the analysis of the MsS surface wave defect detection sensitivity test 
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 After the second monitoring data acquisition, a signal change corresponding to the test defect 

is clearly observed in the data set of the differential waveform. In this data set (acquisition 2), a 

differential signal of 108 mVpp is observed, and the noise level is 51 mVpp. In most MsS 

applications, a signal is considered clearly detectable when the differential signal is greater than 50 

mV in amplitude and when the signal to noise ratio is greater than 2. In an inspection, this would 

often be too low a signal to noise ratio to identify a defect with confidence, but in a monitoring 

regime, the growth of the defect can be verified by comparing the signal with the corresponding 

signal in multiple previous waveforms. The progression of the defect growth can clearly be seen to 

increase above a signal to noise ratio of 2 early in the testing, so it is reasonable to say that the 

MsS surface wave probe was successful in detecting damage at an early stage in the test. 

Tank Bottom Floor MsS Probe 

 SwRI is investigating an MsS probe that can be applied to the lip outside the tank for 

inspection of the first 8-10 feet of the tank bottom floor. The probe is approximately 1½ inches in 

width and 7 inches long and coupled to the tank bottom lip using shear wave couplant. This allows 

the probe to be moved anywhere along the outside lip of the tank and to collect data. The results 

seem promising. 

CONCLUSIONS 

 Over the past several years, there has been an increasing demand for nondestructive systems 

capable of monitoring large structures for damage or wear. Presently, the MsS guided wave 

technology is effective at meeting monitoring demands for structures such as pipeline, thin-walled 

plates, rods, and tubes, but is largely incapable of monitoring thick-walled structures or parts with 

significant internal features and geometric complexity. In this paper, it is shown that by applying 

the existing MsS guided wave plate probes to thick-walled structures, bulk waves can be generated 

and used to detect the presence of defects within the volume of the part. Additionally, by 

modifying the electronic coil and the magnetic bias field, the MsS probe can be used to generate a 

surface guided wave capable of propagating large distances and detecting surface damage on 

thick-walled structures.  

 Both sensors have immediate monitoring applications in industry. Future work will be 

conducted to optimize the MsS bulk wave probes for use on machine assemblies with complicated 

internal structures. The MsS surface wave probes will in turn be optimized for use on thick-walled 

pressure vessels and similar thick-walled structures.
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