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MAGNETOSTRICTIVE SENSOR RAIL 
INSPECTION SYSTEM 

[0001] This is a continuation-in-part patent application 
depending from “Method for Inspecting Electric Resistance 
Welds Using Magnetostrictive Sensors” ?led Sep. 21, 2000, 
Which depends from patent application Ser. No. 09/519,530, 
?led on Feb. 25, 2000, Which depends from provisional 
patent application Ser. No. 60/124,763, ?led on Mar. 17, 
1999. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates generally to methods 
and devices for the nondestructive evaluation of materials. 
The present invention relates more speci?cally to the use of 
magnetostrictive sensors to inspect railroad rails to detect 
broken rails and cracked rails remotely, namely, from an 
operating train projecting signals forWard of the train and 
broken or cracked rails re?ecting signals back to magneto 
strictive sensors on the train in time for the train to stop. 

[0004] 2. Description of the Related Art 

[0005] Magnetostrictive effect refers to the phenomena of 
a physical dimension change in ferromagnetic materials that 
occurs through variations in magnetiZation. In magnetostric 
tive applications, the generation and detection of mechanical 
Waves is typically achieved by introducing a pulse current 
into a transmitting coil adjacent to a ferromagnetic material. 
The change in magnetization Within the material located 
near the transmitting coil causes the material to change its 
length locally in a direction parallel to the applied ?eld. This 
abrupt local dimension change, Which is the magnetostric 
tive effect, generates a mechanical Wave that travels at the 
speed of sound Within the ferromagnetic material. When the 
mechanical Wave is re?ected back from the end of the 
ferromagnetic material, or from a defect in the ferromagnetic 
material, and reaches a detection coil, the mechanical Wave 
generates a changing magnetic ?uX in the detection coil as 
a result of the inverse magnetostrictive effect. This changing 
magnetic ?uX induces an electric voltage Within the detec 
tion coil that is proportional to the magnitude of the 
mechanical Wave. The transmitting coil and the detection 
coil can be identical. 

[0006] Advantages of using the magnetostrictive effect in 
nondestructive evaluation (NDE) applications include (a) 
the sensitivity of the magnetostrictive sensors, (b) durability 
of the magnetostrictive sensors, (c) no need to couple the 
sensor to the material being investigated, (d) long range of 
the mechanical Waves in the material under investigation, (e) 
ease of implementation, and loW cost of implementation. 

[0007] The use of magnetostrictive sensors (MsS) in the 
nondestructive evaluation (NDE) of materials has proven to 
be very effective in characteriZing defects, inclusions, and 
corrosion Within various types of ferromagnetic and non 
ferromagnetic structures. A MsS launches a short duration 
(or a pulse) of elastic guided Waves in the structure under 
investigation and detects guided Wave signals re?ected from 
anomalies such as defects in the structure. Since guided 
Waves can propagate long distances (typically 100 feet or 
more), the MsS technique can inspect a global area of a 
structure very quickly. In comparison, other conventional 
NDE techniques such as ultrasonics and eddy currents 
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inspect only the local area immediately adjacent to the 
probes used. Therefore, the use of magnetostrictive sensors 
offers a very cost effective means for inspecting large areas 
of steel structures such as strands, cables, pipes, and tubes 
quickly With minimum support requirements such as surface 
preparation, scaffolding, and insulation removal. The ability 
to use magnetostrictive sensors With little preparation of the 
object under inspection derives from the fact that direct 
physical contact betWeen the sensors and the material is not 
required. 
[0008] Efforts have been made in the past to utiliZe mag 
netostrictive sensor technologies in association With the 
inspection of both ferromagnetic and non-ferromagnetic 
materials. Included in these efforts are systems described in 
US. Pat. Nos. 5,456,113; 5,457,994; and 5,501,037, Which 
are each commonly oWned by the assignee of the present 
invention. The disclosures of US. Pat. Nos. 5,456,113; 
5,457,994; and 5,501,037, provide background on the mag 
netostrictive effect and its use in NDE and are therefore 
incorporated herein by reference. These efforts in the past 
have focused primarily on the inspection of pipe, tubing, and 
steel strands/cables Wherein the geometry of the structure is 
such that the cross-sectional diameter is small in comparison 
to the length of the structure. While these systems and their 
application to longitudinal structures ?nd signi?cant appli 
cations, there are yet other structures that could bene?t from 
the use of magnetostrictive based NDE. 

[0009] Other efforts have been made in the past to utiliZe 
sensors that measure magnetic ?uX and/or acoustic Waves in 
structural materials. These efforts have included those 
described in the folloWing patents: 

[0010] US. Pat. No. 3,555,887 issued to Wood on 
Jan. 19, 1971 entitled Apparatus for Electroacousti 
cally Inspecting Tubular Members for Anomalies 
Using the Magnetostrictive Effect and for Measuring 
Wall Thickness. This patent describes a system 
designed to direct a mechanical Wave through the 
thickness dimension of a long tubular member. The 
sensitivity of the device is limited to the directing of 
a Wavefront normal to the surface of the material 
under inspection and immediately back to a sensor 
When re?ected from an opposite Wall or an anomaly. 

[0011] US. Pat. No. 4,881,031 issued to P?sterer, et 
al. on Nov. 14, 1989 entitled Eddy Current Method 
and Apparatus for Determining Structure Defects in 
a Metal Object Without Removing Surface Films or 
Coatings. This patent describes a method for estab 
lishing localiZed eddy currents Within ferromagnetic 
materials and recogniZes the presence and effect of a 
coating in order to identify and quantify corrosion 
beneath the coating. As With other eddy current 
methods, the ability to inspect a material is limited to 
the area immediately adjacent to the sensor. 

[0012] US. Pat. No. 5,544,207 issued to Ara, et al. on 
Aug. 6, 1996 entitled Apparatus for Measuring the Thick 
ness of the Overlay Clad in a Pressure Vessel of a Nuclear 
Reactor. This patent describes a system directed solely to the 
measurement of magnetic ?eld variations that result from 
the distribution of the magnetic ?eld through overlays of 
varying thickness. The system utiliZes a magnetic yoke that 
is placed in close contact With the surface of the overlay clad 
of the pressure vessel. 
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[0013] US. Pat. No. 5,687,204 issued to Ara, et al. on 
Nov. 11, 1997 entitled Method of and Apparatus for 
Checking the Degradation of a Pressure Vessel of a 
Nuclear Reactor. This patent describes a system 
similar to the earlier issued Ara, et al. patent and 
utiliZes a magnetic yoke having an excitation coil 
and a magnetic ?ux measuring coil that are placed in 
close contact With the inner Wall of the pressure 
vessel. The hysteresis magnetiZation characteristics 
formed by the magnetic yoke and the pressure vessel 
Wall are measured. Degradation of the material com 
prising the pressure vessel is inferred from a deter 
mination of the hardness of the material Which is 
determined from the coercive forces obtained by 
analyZing the hysteresis characteristics of the mag 
netiZation. 

[0014] The nondestructive evaluation of materials using 
magnetostrictive sensors is based upon the magnetostrictive 
effect and its inverse effect, and the phenomenon that causes 
the physical dimensions of a ferromagnetic material to 
change slightly When the material is magnetiZed or demag 
netiZed or otherWise experiences a changing magnetic ?eld. 
The inverse effect is a phenomenon that causes a magnetic 
?ux in the material to change When the material is stressed. 
Systems utiliZing magnetostrictive sensors use the magne 
tostrictive effect and its inverse effect to generate and detect 
guided Waves that travel through the ferromagnetic material. 

[0015] In general, a magnetostrictive sensor consists of a 
conductive coil and a means for providing a DC bias 
magnetic ?eld in the structure under inspection. The means 
for providing a bias magnetic ?eld can include the use of 
either permanent magnets or electromagnets. In a transmit 
ting magnetostrictive sensor, an AC electric current pulse is 
applied to the coil. The resulting AC magnetic ?eld (a 
changing magnetic ?eld) produces elastic Waves (also 
knoWn as guided Waves) in an adjacent ferromagnetic mate 
rial through the magnetostrictive effect. For pipes, cables, 
tubes, and the like, the Waves are launched along the length 
of the longitudinal structure. In the receiving magnetostric 
tive sensor, a responsive electric voltage signal is produced 
in the conductive coil When the elastic Waves (transmitted or 
re?ected from anomalies Within the material) pass the sensor 
location, through the inverse magnetostrictive effect. 

[0016] With MsS techniques, defects are typically 
detected by using the pulse echo method Well knoWn in the 
?eld of ultrasonics. Since the sensor relies on the magneto 
strictive behavior found in ferromagnetic materials, this 
technology is primarily applicable to the inspection of 
ferromagnetic components such as carbon steel piping or 
steel strands. It is also applicable, hoWever, to the inspection 
of nonferrous components if a thin layer of ferromagnetic 
material, such as nickel, is plated or coupled onto the 
component in the area adjacent to the magnetostrictive 
sensors. 

[0017] The magnetostrictive sensor technique has the 
advantage of being able to inspect a large area of material 
from a single sensor location. Such sensors have, for 
example, been used to accurately inspect a length of pipe or 
cable of signi?cantly more than 100 feet. Further, magne 
tostrictive sensor techniques are comprehensive in their 
inspection in that the methods can detect both internal and 
external defects, thereby providing a 100% volumetric 
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inspection. The techniques are also quite sensitive, being 
capable of detecting a defect With a cross-section less than 
1% of the total metallic cross-section of cylindrical struc 
tures such as pipes, tubes, or rods. Finally, as indicated 
above, magnetostrictive sensor techniques do not require 
direct physical contact betWeen the component surface and 
the sensor itself. This eliminates the need for surface prepa 
ration or the use of a couplant. 

APPLICATION TO RAILROAD RAILS 

[0018] Defects can be found in railroad rails as Well. 
Various types of rail failure modes exist. One failure mode 
is the shell defect. The shell defect tends to propagate doWn 
the length of the rail. The shell defect is someWhat benign 
until it turns into a transverse defect, at Which time it can 
cause rail failure. It is desirable to use the magnetostrictive 
sensor technique for detecting and locating various anoma 
lies Within railroad rails and more particularly transverse 
defects that exist under the shells in the rail. This need 
results from the inability of the acoustic Wave of conven 
tional ultrasonic inspection to penetrate beloW the shell. 

[0019] Under these conditions, a full volumetric inspec 
tion approach that has the ability to propagate acoustic 
energy beloW the shell is required such as that provided by 
the inspection technique of the present invention. The 
present technique is ideal because it is a nonintrusive 
inspection technique. In addition, a manner of inspection is 
desired that alloWs the magnetostrictive sensor of the present 
technique to be mounted on a moving inspection vehicle 
such as a train. The re?ected signal from the defect can be 
of sufficient length to alloW the train to stop prior to reaching 
the defect or, in the alternative, the defect location is 
recorded for subsequent repair. 

SUMMARY OF THE PRESENT INVENTION 

[0020] It is therefore an object of the present invention to 
provide a method for implementing magnetostrictive based 
NDE of rails and to determine the presence of anomalies 
indicative of defective rails. 

[0021] It is a further object of the present invention to 
provide a method for using magnetostrictive sensors for the 
inspection of rails that is capable of transmitting and receiv 
ing guided Waves Within the rail and generating signals 
representative of the characteristics of such Waves appro 
priate for the analysis and detection of anomalies in the rail. 

[0022] It is a further object of the present invention to 
provide a method for the inspection of rails that includes the 
use of a magnetostrictive sensor speci?cally adapted for 
directing guided Waves into the rails and detecting such 
Waves as may be re?ected from anomalies Within the 
structure. 

[0023] It is a further object of the present invention to 
provide a method and apparatus for the nondestructive 
evaluation of rails utiliZing magnetostrictive sensors that are 
capable of investigating large lengths of rail from long 
distances. 

[0024] It is yet another object of the present invention to 
provide a method and apparatus for nondestructive evalua 
tion of rails having ferromagnetic materials through the use 
of a magnetostrictive sensor that may operate either in the 
symmetrical or anti-symmetrical Lamb Wave mode. 
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[0025] It is yet another object of the present invention to 
provide a method and apparatus for nondestructive evalua 
tion of rails utilizing magnetostrictive sensors that generate 
and detect shear horizontal Waves in the item being 
inspected. 
[0026] It is yet another object of the present invention to 
provide a method and apparatus for inspecting rails utilizing 
magnetostrictive sensors. 

[0027] Yet another object of the present invention is to 
provide a method and apparatus for inspecting rails using 
magnetostrictive sensors that propagate guided Waves along 
the length of the rail. 

[0028] Still another object of the present invention is to 
provide a method for using magnetostrictive sensors for the 
inspection of rails that is capable of transmitting and receiv 
ing guided Waves Within the rail Without making physical 
contact With the rail. 

[0029] Yet another object of the present invention is to 
provide a method and apparatus for the nondestructive 
evaluation of rails utiliZing magnetostrictive sensors that can 
be attached directly in front of a train as it transmits and 
receives guided Waves Within the rail. 

[0030] It is another object of the present invention to 
provide a method and apparatus for the nondestructive 
evaluation of rails utiliZing magnetostrictive sensors that 
generate a loW frequency elastic Wave that travels distances 
up to several miles in a continuous rail. 

[0031] It is yet another object of the present invention to 
provide a method and apparatus for the nondestructive 
evaluation of rails utiliZing magnetostrictive sensors that 
transmit and receive elastic Waves sensitive to broken rail at 
distances of approximately one mile from the magnetostric 
tive sensor. 

[0032] Still another object of the present invention is to 
provide a method and apparatus for the nondestructive 
evaluation of rails utiliZing magnetostrictive sensors that 
Work in conjunction With a data acquisition and analysis 
system that can acquire and analyZe the data using computer 
softWare. 

[0033] Yet another object of the present invention is to 
provide a method and apparatus for the nondestructive 
evaluation of rails utiliZing magnetostrictive sensors that 
Works in conjunction With a data acquisition and analysis 
system Which output can be used to initiate a Warning to the 
train engineer or generate control signals that can be used to 
automatically brake the train. 

[0034] In ful?llment of these and other objectives, the 
present invention provides a method and apparatus for 
implementing magnetostrictive sensor techniques for the 
nondestructive evaluation of plate type structures such as 
rails. The system includes magnetostrictive sensors speci? 
cally designed for application in conjunction With plate type 
structures that generate guided Waves in the plates Which 
travel through the plate in a direction parallel to the surface 
of the plate. Similarly structured sensors are positioned to 
detect the guided Waves (both incident and re?ected) and 
generate signals representative of the characteristics of the 
guided Waves detected. The system anticipates the use of 
either discrete magnetostrictive transmitters and receivers or 
the use of a single magnetostrictive sensor that operates to 
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both transmit and detect the guided Waves. The sensor 
structure is longitudinal in nature and generates a guided 
Wave having a Wavefront parallel to the longitudinal direc 
tion of the sensor. Appropriate electronics associated With 
the process of generating the guided Waves and controlling 
the propagation direction of the generated Wave through the 
magnetostrictive transmitter as Well as detecting, ?ltering, 
and amplifying the guided Waves at the magnetostrictive 
receiver, are implemented as is Well knoWn in the art. Signal 
analysis techniques, also knoWn in the art, are utiliZed to 
identify anomalies Within the plate type structure and Welds 
therein. The method utiliZes pattern recognition techniques 
as Well as comparisons betWeen signal signatures gathered 
over time from the installation of the structure under 
investigation to a later point after deterioration and degra 
dation may have occurred. 

[0035] By rotation of the magnetic ?eld by 90°, the 
magnetostrictive sensor can be changed from operating in 
the symmetrical or the anti-symmetrical Lamb Wave mode 
to a horiZontal shear Wave that is applied to the ferromag 
netic material being inspected. In the horiZontal shear Wave 
mode, the DC bias magnetic ?eld is in a direction perpen 
dicular to the direction of Wave propagation. 

[0036] When magnetostrictive sensors are used to inspect 
rails, the guided Wave travels in both directions in the rail at 
a periodic repetition rate, and any cross-sectional defect in 
the rail Will re?ect or scatter the propagating elastic Wave. 
The receiver core/coil then detects the re?ected Wave using 
the reciprocal Wave generation process. The defect sensitiv 
ity is a function of the siZe of the defect and the frequency 
of the elastic Wave. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] FIG. 1 is a schematic block diagram shoWing the 
components of the system of the present invention. 

[0038] FIG. 2 is a perspective vieW of a magnetostrictive 
sensor of the present invention. 

[0039] FIG. 3 is a cross-sectional vieW of the implemen 
tation of the sensors of the present invention in conjunction 
With a plate type structure. 

[0040] FIG. 4 is a plot of a signal received through the 
system of the present invention utiliZing a 60 kHZ SO Wave 
mode signal in a 4 foot Wide, 20 foot long, 0.25 inch thick 
steel plate. 

[0041] FIG. 5 is a plot of a signal received through the 
system of the present invention in conjunction With the 
structure associated With FIG. 4 for a 40 kHZ AO Wave mode 
signal. 

[0042] FIG. 6 is a plot of three signals received through 
the system of the present invention utiliZing a 40 kHZ SO 
Wave mode signal in a 4 foot Wide, 20 foot long, 0.25 inch 
thick steel plate. 

[0043] FIG. 7 is a plot of three signals received through 
the system of the present invention utiliZing a 20 kHZ AO 
Wave mode signal in a 4 foot Wide, 20 foot long, 0.25 inch 
thick steel plate. 

[0044] FIGS. 8(a) and (b) are a plot of a shear horiZontal 
Wave received through the system of the present invention 
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utilizing an 80 kHZ shear horizontal Wave in a 4 foot Wide, 
20 foot long 0.25 inch thick steel plate, before and after a 
0.25 inch hole is cut therein. 

[0045] FIG. 9 is a pictorial end vieW of a Welded pipe 
being inspected using a magnetostrictive transmitting probe 
and a magnetostrictive receiving probe on opposite sides of 
the pipe. 

[0046] FIGS. 10(a) and (b) are plots of signals received 
through the system of the present invention When used to test 
the large diameter pipe as shoWn in FIG. 9, utiliZing a 150 
kHZ shear horiZontal Wave mode in a 4.5 inch outside 
diameter steel pipe having a 0.337 inch thick Wall before and 
after cutting a notch therein. 

[0047] FIG. 11 is a pictorial perspective vieW of a mag 
netostrictive sensor being used to inspect butt Welding 
joints. 
[0048] FIG. 12 is a pictorial perspective vieW of a mag 
netostrictive sensor being used to inspect rails. 

[0049] FIG. 13 is a pictorial perspective vieW of a mag 
netostrictive sensor being used to inspect rails from a 
moving train. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0050] As indicated above, the present invention utiliZes 
the basic methodological approach of earlier developed 
magnetostrictive sensor techniques associated With the 
inspection of cylindrical structures such as pipe, tubes, and 
the like. The basic system of such techniques is combined 
With a novel magnetostrictive sensor for application to plate 
type structures. Reference is made ?rst to FIG. 1 for a 
general description of the complete system utiliZed to carry 
on the inspection of a plate type structure. Inspection system 
10 includes a magnetostrictive sensor transmitter control 12 
and an associated transmitter coil/core 14. Transmitter coil/ 
core 14 is positioned adjacent to the surface of plate type 
structure 34. Also positioned near the surface of plate type 
structure 34 is receiver coil/core 20. Receiver coil/core 20 is 
positioned to detect re?ected Waves Within plate type struc 
ture 34 and to thereby generate a signal representative of the 
Wave characteristics that are re?ected from a defect present 
in the structure. Receiver coil/core 20 is connected to 
preamp/?lter 18 Which in turn is connected to computer 
system 16. 

[0051] Magnetostrictive sensor transmitter control 12 is 
comprised of function generator 22, poWer ampli?er 24, and 
synchroniZation circuitry 26. These elements together gen 
erate an appropriate signal for driving transmitter coil/core 
14 and thereby generate guided Waves Within plate type 
structure 34. 

[0052] Computer system 16 is comprised of memory 28, 
digital processor 30, and analog to digital converter 32. 
These components together receive, digitiZe, and analyZe the 
signal received from receiver coil/core 20. The signal con 
tains Wave characteristics indicative of the characteristics of 
the re?ected guided Waves present in plate type structure 34. 

[0053] Both transmitter coil/core 14 and receiver coil/core 
20 have associated With them bias magnets 36 and 38, 
respectively. Bias magnets 36 and 38 are positioned adjacent 
the coils/cores 14 and 20 near plate type structure 34 in order 
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to establish a bias magnetic ?eld to facilitate both the 
generation of guided Waves Within structure 34 and the 
appropriate detection of re?ected guided Waves. 

[0054] Reference is noW made to FIG. 2 for a detailed 
description of the novel magnetostrictive sensor structure 
utiliZed in the present invention. Magnetostrictive sensor 11 
as shoWn in FIG. 2 could be utiliZed as either transmitter 
coil/core 14 or receiver coil/core 20 described above in FIG. 
1. Magnetostrictive sensor 11 is comprised of a plurality of 
U-shaped cross-sectional cores stacked in a lengthWise 
direction to form a sensor With a longitudinal aXis that is 
long in comparison to its cross-section. Core elements 15a 
through 1511 in the preferred embodiment may be made from 
a stack of U-shaped ferrites, transformer steel sheets, mild 
steel, or permanent magnets. The core elements 15a through 
1511 could have other shapes; hoWever, U-shaped or 
E-shaped core elements have been found to be more ef? 
cient. If an E-shaped core is used, a transmitter may be 
located on one part of the E With a receiver on the other part 
of the E. 

[0055] Surrounding the stack of U-shaped cores 15a 
through 1511 is Wire coil 17. The number of turns for coil 17 
is dependent upon the driving current and the magnetic 
permeability of core 15 and may be varied as is Well knoWn 
in the art. 

[0056] FIG. 3 shoWs in cross-sectional vieW the applica 
tion of a pair of sensors structured as shoWn in FIG. 2 and 
implemented in conjunction With the methods of the present 
invention. In FIG. 3, a cross-section of plate type structure 
34 is shoWn With transmitter coil/core 14 and receiver 
coil/core 20 positioned on the plate. The vieW in FIG. 3 of 
both transmitter coil/core 14 and receiver coil/core 20 is 
cross-sectional in nature in order to shoW the establishment 
of a magnetic ?uX Within plate type structure 34. Associated 
With each of the coils/cores 14 and 20 are bias magnets 36 
and 38. In FIG. 3, bias magnets 36 and 38 are shoWn placed 
over coils/cores 14 and 20. It is understood that in the actual 
implementation of the present invention, bias magnets 36 
and 38 may be one or tWo magnets. What is necessary is that 
a magnetic ?eld be generated in plate type structure 34 under 
the transmitter coil/core 14 and the receiver coil/core 20. It 
is only critical that the DC bias magnetic ?elds established 
by bias magnets 36 and 38 are established Within the volume 
of plate type structure 34 under transmitter coil/core 14 and 
under receiver coil/core 20 as appropriate. 

[0057] Transmitter coil/core 14 is comprised of core mate 
rial 40 and coil Windings 42. Together these components, as 
driven by the magnetostrictive sensor transmitter control 
(not shoWn), operate to generate changes in the magnetic 
?eld established by bias magnet 36 Within plate type struc 
ture 34. This time-varying or AC magnetic ?eld Within plate 
type structure 34 generates a mechanical, guided Wave that 
propagates in a direction parallel to the surface of plate type 
structure 34. This guided Wave is depicted as Wave 50 in 
FIG. 3 and propagates in a direction aWay from transmitter 
coil/core 14. If, as shoWn in FIG. 3, transmitter coil/core 14 
is placed on the surface of plate type structure 34, With the 
longitudinal aXis of coil/core 14 directed into the draWing 
page in the vieW shoWn, Wave 50 Would propagate in tWo 
directions aWay from the longitudinal aXis of coil/core 14 
and through plate type structure 34. This Would serve to 
investigate the volume of plate type structure 34 bounded by 
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the length (long axis) of the magnetostrictive sensor utilized. 
In this manner, an inspection “sWeep” of a volume of plate 
type structure 34 can be carried out generally equal in Width 
to the length of the magnetostrictive sensor. 

[0058] The arrangement of the magnetostrictive sensor 
utiliZed as the detection coil in the present invention is 
essentially the same as the arrangement for the transmitter 
coil. In FIG. 3, receiver coil/core 20 is comprised of core 
material 44, shoWn in cross-section, as Well as coil Windings 
46. Bias magnet 38 is likeWise positioned over receiver 
coil/core 20. This arrangement establishes a bias magnetic 
?eld Within plate type structure 34 that ?uctuates according 
to the presence of re?ected mechanical guided Waves Within 
the material adjacent the sensor. In FIG. 3, re?ected 
mechanical Waves are depicted as 52 proximate to receiver 
coil/core 20 and are detected thereby. In this manner, 
mechanical Waves passing through plate type structure 34 
under receiver coil/core 20 are detected and “translated” into 
voltage ?uctuations in coil 46 in a manner that generates an 
appropriate signal for analysis by the balance of the elec 
tronics of the system of the present invention (not shoWn). 

[0059] As indicated above, the methods and apparatus of 
the present invention can be utiliZed in conjunction With 
discrete magnetostrictive transmitters and receivers or in 
conjunction With a single magnetostrictive sensor operable 
as both a transmitter and a receiver. In the latter case, the 
structures described in FIG. 3 Would be limited to a single 
magnetostrictive sensor of the con?guration shoWn for 
either transmitter coil/core 14 or receiver coil/core 20. 

[0060] In another alternative approach, one With greater 
practical application, tWo transmitter sensors and tWo 
receiver sensors may be used When the sensors are con 

trolled by appropriate phasing. In this manner, the direction 
of the interrogating beam may be controlled. As an example, 
When the transmitter generates the Wave in a ?rst position 
(+) direction, the return signals may be detected by a 
receiver controlled to detect Waves traveling in the negative 
(—) direction. As mentioned above, this control is achieved 
by phasing the tWo sensors appropriately, a process Well 
knoWn in the ?eld of NDE techniques. In this manner, an 
inspection of the plate may be carried out ?rst to one side of 
the transmitting sensor and then by simply sWitching the 
sensor instrumentation an inspection may be carried out to 
the opposite side of the transmitting sensor. Various other 
inspection techniques knoWn and used With magnetostric 
tive sensors may likeWise apply With the methods and 
structures of the present invention. 

[0061] Reference is noW made to FIGS. 4 and 5 for a 
detailed description of sample data acquired from a 0.25 
inch thick, 20 foot long, and 4 foot Wide steel plate inves 
tigated by the devices and methods of the present invention. 

[0062] The signal represented in FIG. 4 shoWs the ?rst 
symmetric Wave mode (SO) in the plate While the signal 
depicted in FIG. 5 shoWs the ?rst anti-symmetric Wave 
mode FIG. 4 is a time varying amplitude plot of a 60 
kHZ magnetostrictive sensor signal taken from the above 
described steel plate geometry. The Wave is directed through 
appropriate orientation of the sensor and propagates in the 
long direction Within the steel plate. The signal components 
identi?ed in FIG. 4 include the initial pulse 60, end re?ected 
signal 62, and trailing signals 64. Likewise in FIG. 5, initial 
pulse 70 is indicated, as are end re?ected signals 72. 
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[0063] Anomalies Within the path of the guided Wave 
generated Within the material Would, as is knoWn in the art, 
generate signal components having amplitudes suf?cient for 
identi?cation Within either of the tWo signals shoWn in 
FIGS. 4 and 5. In this manner, characteristics of anomalies 
detected Within the plate type structure can be identi?ed and 
located in the direction of Wave propagation aWay from the 
magnetostrictive sensor. As is knoWn in the art, the relative 
location of an anomaly may be identi?ed by the position of 
the signal characteristic indicative of the anomaly in time 
relationship With the initial pulse (indicative of the position 
of the sensor) and the end re?ected signals 62 and 72. 

[0064] Examples of such signals are shoWn in FIGS. 6 
and 7. FIG. 6 shoWs pulse-echo magnetostrictive sensor 
data for a 40 kHZ SO Wave mode signal obtained in a 4 foot 
Wide, 20 foot long, 0.25 inch thick steel plate. Three signals 
are shoWn for data collected With a 4 inch long, 8 inch long, 
and 12 inch long notch cut in the plate at a point approxi 
mately tWo-thirds of the length of the plate aWay from the 
sensor. 

[0065] FIG. 7 shoWs pulse-echo magnetostrictive sensor 
data for a 20 kHZ AO Wave mode signal obtained in a 4 foot 
Wide, 20 foot long, 0.25 inch thick steel plate. Three signals 
are also shoWn for data collected With a 4 inch long, 8 inch 
long, and 12 inch long notch cut in the plate at a point 
approximately tWo-thirds of the length of the plate aWay 
from the sensor. 

[0066] In each case, the notch is not only detectable but 
may be characteriZed as to siZe and position. Various signal 
analysis techniques may be applied to these signals to 
discern and characteriZe other types of anomalies found in 
such plate-type structures. Discrete fractures and the like are 
typically identi?ed by isolated re?ected Waves, While broad 
deteriorations or corrosions in the plate might be identi?ed 
by grouped Waves received over a period of time. In 
addition, it is anticipated that signature signals of a particular 
plate type structure might be acquired prior to implementa 
tion of the structure into service. In this manner subsequent 
signatures may be acquired periodically and compared With 
the initial base line reference signature to determine the 
presence of developing anomalies Within the plate. 

[0067] To prove the invention Works, symmetric (SO) and 
anti-symmetric longitudinal Wave mode signals Were 
generated and detected using a 12 inch long magnetostric 
tive probe such as shoWn in FIG. 2. To generate and detect 
these Wave modes, the bias magnets 36 and 38 are applied 
in the direction parallel to the direction of Wave propagation 
(perpendicular to the lengthWise length of the magnetostric 
tive probe). The same probe as shoWn in FIG. 2 can be used 
to generate and detect shear horiZontal Waves in a plate by 
applying DC bias magnetic ?elds in a direction perpendicu 
lar to the Wave of propagation (or parallel to the lengthWise 
direction of the magnetostrictive probe). 

[0068] Using a 4 inch long magnetostrictive probe, a 
signal Was induced in a 0.25 inch thick, 4 foot Wide, 20 feet 
long, steel plate. FIG. 8(a) shoWs the signal as generated 
and re?ected over time. The initial pulse 100 is generated by 
the magnetostrictive transmitter controller 12 until it reaches 
the far end of the sheet and a signal from the far end 102 is 
received by the receiver coil/core 20. Asignal from the near 
end 104 is received due to the imperfect directionality 
control of the system. 
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[0069] After drilling a 0.25 inch hole about tWo-thirds of 
the Way doWn the sheet, another initial pulse 100 is sent 
doWn the sheet. Again, a signal is received from the near end 
104 due to imperfect directionality control. Also, a signal 
102 from the far end is received. HoWever, noW a signal 106 
is received that indicates the 0.25 inch hole in the sheet. 
Therefore, FIGS. 8(a) and (b) in combination clearly illus 
trate that shear horiZontal Waves can be used in the magne 
tostrictive inspection techniques and probes of the current 
invention. Also, the magnetostrictive testing of the large 
plate structures is suitable for loW frequency operation (200 
kHZ or less), has good sensitivity and long range inspection, 
and is relatively tolerate to liftoff. This is not the case if the 
inspection technique had used other common nondestructive 
evaluation techniques, such as electromagnetic acoustic 
transducers. 

[0070] Pipes can be considered as plates that are simply 
bent in a circle. Pipes are literally made from sheet metal that 
is bent into a circle and Welded on one side thereof utiliZing 
electric resistance Welding. Magnetostrictive inspection 
techniques may be used to inspect such pipes as shoWn and 
explained in connection With FIG. 9, including the electric 
resistance Welding. A pipe 200 is shoWn With a Weld line 
202. A transmitter coil/core 14 is located on one side of the 
pipe 200 and a receiver coil/core 20 is located 180° on the 
opposite side of the large diameter pipe 200. While not 
shoWn, magnetic bias is provided adjacent to the transmitter 
coil/core 14 and the receiver coil/core 20. Using the inspec 
tion system 10 as shoWn in FIG. 1, an initial pulse 206 is 
started around the pipe as shoWn in FIG. 10(a). Each time 
the pulse passes the receiver coil/core 20, a signal 208 is 
received. The signal 208 dies out over a period of time and 
after repeated revolutions around the pipe 200. 

[0071] If the transmitter coil/core 14 is 180° around the 
pipe 200 from the receiver coil/core 20, the tWo opposite 
going Waves add constructively producing a single large 
amplitude signal. Once generated, the Wave keeps revolving 
around the circumference of the pipe 200 until all of its 
energy is dissipated. Therefore, the generated Wave pro 
duces signals at regular intervals Which are equal to the 
transient time of the shear horiZontal Wave to travel around 
the full circumference of the pipe 200. If there are any 
defects at the Weld line 202, they Will clearly be indicated as 
defect signals. If the Weld line is approximately 90° from 
transmitter coil/core 14, then the defect Would be approxi 
mately midWay betWeen the signals 208 as received by the 
receiver coil/core 20. 

[0072] To prove the measuring of the defects, the appli 
cant, after measuring the signal as shoWn in FIG. 10(a), cut 
a notch in the pipe 200. The test Was then repeated With an 
initial pulse 206 inducing a shear horiZontal Wave around the 
circumference of the pipe 200. Again, signals 208 indicate 
each time the shear horiZontal Wave reaches the receiver 
coil/core 20. HoWever, in addition, there are notch signals 
210 that are created by a re?ected signal from the notch that 
has been induced in the pipe 200. The notch signal 210 
increases in amplitude With time because each time the 
initial Wave revolves around the pipe 200, it passes the notch 
defect thereby producing a notch defect signal 210 Which is 
then added to the previous notch defect signal 210. The 
increasing of the notch signal 210 occurs for a period of time 
and then it Will decrease until its energy is dissipated, the 
same as signal 208. 
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[0073] It is possible to get a comparative indication as to 
the siZe of the defect by the ratio betWeen the ?rst initial 
Wave signal amplitude 208 and the ?rst defect signal ampli 
tude 210. In the example illustrated in FIG. 10(b), the notch 
is approximately 8% of the cross-sectional area. This com 
pares Well to the ratio of signal 208 to 210 being approxi 
mately 10%. This is intended to be a rough generaliZation as 
to the siZe of the notch. Obviously, other factors Would be 
considered, such as Whether the notch is perpendicular or 
parallel to the direction of travel of the shear horiZontal 
Wave. 

[0074] By use of the method as just described, the present 
invention can be used to inspect pipes for longitudinal 
defects and corrosion defects. In the present method, the 
magnetostrictive probes are moved along the length of pipe 
to determine any defects in the pipe. In manufacturing 
facilities, the magnetostrictive transmitters or receivers may 
be stationary With the pipes moving therebetWeen and 
simultaneously being inspected for any defects. 

[0075] While one of the advantages of the present inven 
tion is the ability to carry out broad inspections of large 
volumes of a plate type structure from a single positioning 
of the sensor, it is anticipated that the complete investigation 
of a containment vessel or the like Would require multiple 
placements of the sensor in a variety of positions and 
orientations. For example, a containment vessel might 
require the placement of the sensor in a sequential plurality 
of positions along a predetermined scan line (Which could be 
either horiZontal or vertical to the ?oor) that best achieves 
the inspection of the entire structure. In this manner, a 
progressive inspection of an entire containment vessel is 
carried out Without the requirement that all surfaces of the 
vessel be accessed. 

[0076] Another very practical application of the present 
invention is in the continuous processing of coils of rela 
tively thin sheet steel Wound on a drum during the manu 
facturing process in steel mills. Magnetostrictive sensors 11 
can be used to inspect butt Weld lines 202 for continuous 
steel-coil processing lines. FIG. 11 is a pictorial perspective 
vieW of a magnetostrictive sensor 11 being used to inspect 
butt Weld lines 202 in steel mills. At a location outside the 
Welding and trimming machine, the magnetostrictive sensor 
transmitting coil/core 12 (See FIG. 3) and receiving coil/ 
core 20 (See FIG. 3) are positioned parallel to the Weld line 
202 so that the guided Wave 216 beam by the transmitting 
coil/core 14 is normal to the Weld line 202. The magneto 
strictive sensor transmitting coil/core 14 and receiver coil/ 
core 202 (Which can be one magnetostrictive sensor 11) are 
placed over the steel sheet 215 With a suitable liftoff distance 
of preferably 2 mm to 5 mm. 

[0077] A suitable level of bias magnetic ?eld is applied to 
the steel sheet 215 for the magnetostrictive sensor 11 to 
operation. The magnetiZation bias is provided by the 
U-shaped electromagnetic or permanent magnetic 15a 
through 1511 as described in conjunction With FIG. 2. Third, 
immediately after the trimming operation and during release 
of the clamps holding the steel sheet 215 in place for the 
Welding and trimming operations, a short pulse of guided 
Wave 216 is generated in the steel sheet 215 by exciting the 
transmitting coil/core 14 With a short pulse of electric 
current. In contrast to the EMAT’s, Which use sheer hori 
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Zontal Waves in frequencies over 250 kHZ, this embodiment 

uses the ?rst symmetric (S0) or the ?rst antisymmetric Waves under 200 KHZ. 

[0078] The re?ected Waves 217 are detected from Weld 
defects using the receiving coil/core 20. The re?ected Waves 
217 are ampli?ed using a suitable signal ampli?er and the 
data is obtained as shoWn in FIG. 1. 

[0079] The steps are repeated While moving the coil/cores 
14 and 20 parallel to the Weld line 202 so that the entire 
length of the Weld is examined. The acquired data is 
displayed as a function of scan position and saved in a 
computer. The Whole process is performed While the clamps 
are released and lasts only a feW seconds. 

[0080] The acquired data is provided to the Welding 
machine control unit so that an appropriate folloW up action 
can be taken automatically. For example, if no defect signal 
is detected that exceeds a certain threshold level, the Welded 
sheets are set in motion for continuous processing. If a 
defect signal exceeding a threshold level is detected, the 
Welded sheets are clamped again for cutting and reWelding 
While giving a Warning signal to the Welding machine 
operator. 

[0081] Instead of physically moving of the coil/cores 14 
and 20 across the steel sheet 215 Width in a scanning type 
motion, electronic scanning can be used by employing a 
multiplexer and an array of magnetostrictive sensor trans 
mitting 14 and receiving coil/cores 20 covering the entire 
steel sheet 215 Width. The latter approach Would be better 
since it Would have no moving parts. In laboratory investi 
gations, the magnetostrictive sensor coil/cores 14 and 20 
have already shoWn good sensitivity in steel plates 6.35 mm 
thick. Also the inspection range of the magnetostrictive 
sensor coil/cores 14 and 20 have been shoWn to be more than 
15 meters. In addition, the magnetostrictive sensor coil/cores 
14 and 20 have good tolerance to liftoff distance (can be 
more than 5 mm) and are much sturdier and durable physi 
cally than EMAT’s. 

[0082] Another application of the present invention is to 
inspect railroad rails. FIG. 12 is a pictorial perspective vieW 
of a magnetostrictive sensor 11 being used to inspect rails 
230. The transmitting coil/core 14 and receiving coil/core 20 
are positioned remotely from rail defects 242 and 243. A 
suitable level of bias magnetic ?eld is applied to the rail 230 
for the magnetostrictive sensor 11 to operate. This bias 
magnetic ?eld is provided by a bias magnet 232. Immedi 
ately thereafter a short pulse of guided Wave 240 is gener 
ated in the rail 230 by exciting transmitting coil/core 14 With 
a short pulse of electric current. 

[0083] The re?ected Waves 241 are detected from rail 
defects 242 and 243 or other rail breaks using the receiver 
coil/core 20 and the data is recorded. For more realistic use, 
this magnetostrictive sensor 11 is capable of transmitting 
guided Waves 240 and receiving re?ected Waves 241 Within 
the rail 230 Without making physical contact With the rail 
230 and While moving. In other Words, this sensor 11 can be 
attached directly to a moving inspection vehicle, preferably 
a train 245 as it transmits guided Waves 240 and receives 
re?ected Waves 241 Within the rail 230. FIG. 13 shoWs a 
pictorial perspective vieW of a magnetostrictive sensor 11 
being used to inspect rails from a train. The magnetostrictive 
sensor 11 could be mounted behind the Wheels 246 to help 
protect the magnetostrictive sensor 11 from damage. 
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[0084] The transmitter coil/core 14 of this magnetostric 
tive sensor 11 can generate a guided Wave 240 that travels 
up to several miles in a continuous rail 230 and is sensitive 
to broken rails at distances of approximately one mile from 
the magnetostrictive sensor 11. To achieve the necessary 
propagation distance, frequencies in the range of 1 KHZ are 
used. If there is a defect approximately one mile from the 
point Where the elastic Wave enters the rail 230, then the 
elapsed time betWeen the instant the propagated pulse enters 
the rail 230 and the time the defect signal is detected is 
approximately 0.6 second. If the train 245 (FIG. 13) is 
traveling at 120 mph, then it Would have approximately 29 
seconds to stop before it traveled the 1 mile distance. This 
technology can be used for detecting defects at greater 
distances as Well. Once the data is acquired from the rail 
defect 244, the data can be analyZed With computer softWare 
(not shoWn) that has an output that can be used to initiate a 
Warning to the train engineer or generate control signals that 
can be used to automatically brake the train 245. 

[0085] Since rail 230 has a uniform cross sectional geom 
etry that is very complex compared to rod or cylinder, 
dispersion properties of the rail 230 must be identi?ed to 
determine the characteristics of guided Waves 240 that Will 
travel in the rail 230. A method for determining the guided 
Wave 240 dispersion behavior of a sample rail 230 Was 
performed that used MsS coil/cores 14 and 20 to induce a 
guided Wave 240 and receive the energy being re?ected from 
the ends of the rail 230. More particularly, MsS transmitter 
coil/core 14 and receiver coil/core 20 used in plate inspec 
tion and neodymium-iron-boron (NdFeB) permanent mag 
nets 232 Were used on the head of an undamaged sample rail 
230. 

[0086] A transmitter coil/core 14 Was placed at a distance 
of 7 ft (2.1 m) from one end of the rail 230 and a receiver 
coil/core 20 Was placed at 14 ft (4.2 m) in the middle of the 
rail 230. A narroW burst of energy Was supplied to the rail 
230 using the transmiter coil/core 14, and data Were col 
lected by recording the rail’s mechanical response With the 
receiver coil/core 20. The data acquired With the above 
method Was analyZed using a Short-Time Fourier Transform 
(STFT), a common signal processing approach used to vieW 
frequency-time relationships in data. Many guided-Wave 
modes Will appear clearly as continuous curves in the STFT, 
or spectrogram, and the results can be used to develop a 
velocity versus frequency relationship for chosen modes. 

[0087] The data revealed that there Was a very useful 
guided-Wave mode that could be used for inspection. The 
re?ections of the rail 230 ends shoW the mode’s behavior of 
having fairly constant velocity over the frequency band of 
approximately 25 to 40 kHZ. This mode is very useful for 
inspection because it alloWs for ?aW re?ections to travel at 
a reasonably ?xed velocity back to the MsS receiver coil/ 
core 20. Furthermore, since the velocity is knoWn defect 
locations can be calculated from the time of arrival of their 
signal re?ections. This velocity Was calculated to be 
approximately 124,000 inches per second (3150 m/s). Based 
on these results, an inspection frequency of 32 kHZ Was 
chosen With a burst of three to four sine Waves per inspection 
pulse. This number of sine Waves per burst, or cycles, 
effectively narroWs the frequency band being induced in the 
rail 230 to minimiZe energy being produced in other guided 
Wave modes. 






