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1.0 EXECUTIVE SlJMMAI1Y

In order to improve the safety of rail lr;msportation, installed

tracks must be inspected periodically for f18lus U1ll1 ('ould C~llise dCl'ailments.

The objective of this program and its predecessor (llII11'd-flO-l'-00121) is to

improve the reliability anel efficiency of rail flmll ril~lcctinn by thr-~ intro

duction of new ultrasonic trdllsducers that overcome !;ome of Lhe drawbacks of

the currently used devices. These ne\ll transducerH IILiljze elcctromdgnetic

induction across an air gap Lo excite and detect ultrasonic wnves in the head

of the rail and thus elimina\_c the necessity for supplying a liquid couplant

to the rail. This simpli fie:, the inspection process and the transducer support

structure so that it is now possible to operate at higher inspection speeds

and on rails covered wiLh lubricant. In addition, the electromagnetic trans

duction mechanism maken it possible to use special types of ultrasonic waves

that are more sensitive to certain fla\ll types than the \IIaves generated by

conventional, piezoelectric transducers.

The program described in this-report applies to the results of

labor8tory tests to the desiqn and construction of a self-contained inspection

lrailer that can be IJsed by a normal rail inspection crew on an operating

railroad Lo colloct e18tn for compal"ison with the currently used inspection

techniqucs. Since the electromagnetic transducer is a new device that is

still in the developmenl staqe, some changes in the transducer \IIere introduced

between the laboratory phase carried out by the Rockwell International Science

Cenlor and the field application study reported here. These were a reduction

in the mass and dimensions of the magnet used to detect flaws in the web of

the rail and a change in the transduction mechanism used to detect flaws in

the head of the rail. This latter modification permitted a reduction in size

and weight of the head inspection transducer and it increased the efficiency

of transduction for a majority of rails. Unfortunately, tests on a large

sample of track at the Transportation Test Center in Pueblo, Colorado, during

the final stages of this program indicated that up to 20% of the rails may

exhibit a lower than normal transduction efficiency and thus may not receive

a satisfactory level of inspection at the normal settings of the instrumenta

tion. Introduction of more powerful electronics, larger and more efficient

1



transducers and improved signal process~ng should easily overcome tllis

difficulty.

The new transducers are called Electroma~netic Acoustic Transducers

or EMATs and consist of a coil of wire held close to the metal being inspected

and a magnet to flood the area under the coil with a lurge magnetic field.

By controlling the direction of the field and the detailed shape of the wires

ln the coil, ultrasonic shear waves can be launched into the head' of a rail

road rail in any direction relative to the normal to Ih(~ rail head. for in

specting the head, this direction was chosen to be very cloqe to 90 deurces

and the direction of polarization of the shear wave was chosen to be parallel

to the surface of the head. Such a wave is called a Shear Horizontal or SH

wave in geophysics and it has special properties that make it well suited to

detecting transverse defects that lie close to the top surface of a rail.

In this report, we refer to this wave as the 90 0 wave because of its direc

tion of propagation. The other wave discussed in this report is called the

0
0

W8ve because it propagates 8t 0 degrees to the head normal direction and

thus reflects from the base of the rail after traversing the web. It was

demollstrated by Rockwell International that if th80 0 wave was polarized

perpendicular to the web, the attenuation caused by a vp-rticdl split head

typr~ of defect was abnormally IBrqc and such dcfectfJ cuuld therefore be

deLr~cted with hiqher reliability Umn with Lhe longitudinal W;lve qeneraLed

by conventional, liquid coupled piezoelectric trunsducers.

In order to make CJ self-contDined, field worthy inspection vehicle

for comparison with the currently used inspection systems, the 00 and a 90 0

[MAT units are mounted on separate carriages above one rail on one side of

a rectangular frame that is supported on the rails by four flanged railroad

wheels. This frame is balanced on two rubber highway wheels that can be

raised or lowered so that the entire structure can be transported along a

highway or along a railroad track by any kind of towing vehicle. Only two

[MATs on one side of the frame were tested for this report in order to avoid

the expense of modifying and upgrading four EMATs if the results indicated

that such actions were necessary. As ~ result, the inspection data reported

were all obtained by an inspection of only one rail. All the hardware needed

2



to att<lch improved H11\1:; Lu lhe other Bidr~ Ill" Ilw 11";1II1l' ;IIT ,lln',llly d"d.iI,i\J\c

so (he exp.\I1S101l (II" 11ll' :.. y:;l(~m l.o be cupnlJlr' lIl' ill:qWI"! illli 1J1111J \'"i \:: ::illlul

taneuusly c,m be (~,I:;l,ly carried ouL. The clec!-nJlli(' ill:d"Ullll'ld:,l.ilJll Ill~('lh'd

to process the slqnals from the two (or ·four) [MAl Cal'l',)lqes l:, conLlincd in

a weatherproof cabinet mounted on the front of the frame. A system control

chassis and the Compaq computer are connected to the rest of the instruments

through a long umbilical cable so that these components can be mounted in the

towing vehicle where an operator can use them durinu all inspection run.

Power to the entire inspection trailer is supplied by ailS kV3 motor-generator

set that supplies the direct current for the magnets and the 110 volt ac for

the electronics.

Extensiv~ ~se of a computer is made in order to: (1) control the

operation of the inspection trailer, (2) preprocess the ultrasonic data for

presentation to ~he op~rator and (3) store all of the data in digital format

on a hard disk memory. With all of the data stored, an operator can reexamine

the data at his leisure to investigate questionable areas and to determine the

consequences of setting his gates Rnd thresholds at different levels. The

preprocessing of the ,data for display is important because it allows the

opel';ILor to set thresholds that screen him from "noise" while passing flaw

like siqnals. For the [MAT inspection system, noise is suppressed by pro

~r3mminu the computer, to require that the same flaw-like signal occur twice in

succession before it sends signals to the strip chart recorder being monitored

by the operator. Since some flaw signals may come and go faster than the pen

of the recorder can respond, the computer is also programmed to examine the

signals in groups of ten and to deflect the recorder pen if any signals

appear to pass the flaw criteria. Thus, the recorder can have a response

time ten times slower than the incoming data rate and still displa~ useful

information to the operator. In order to have the recorder convey even more

information, the computer keeps the pen of the recorder at midscale under

normal conditions and moves it upward in proportion to the amplitude of any

"flaw" echo signals and downward in proportion to signals that measure the

instantaneous efficiency of the EMAT. This latter signal display capability

is unique to the EMAT system and uncovered the fact that some of the rails

were receiving a less sensitive inspection.

3
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r ollowinrJ construction and testinrJ or Lile fMI\ r inspection trailer

in Albuquerque, New ['1exico, it was delivered to Itl(~ Ir,lIlsporLution Tcst Center

in Pueblo, Colorado, for evaluation by the Nondcsl rucli VP resting (;roup at

that facility. The results of their examination ~>howed th8t Lhe system

correctly detected and identified rail ends, bolt holes, field welds,

grounding pin holes in the web, intentional holes on the head and web

designed to simulate flaws, head-web separations, bolt hole cracks and

transverse defects in the heqd of some rails. Other, known transverse

defects were difficult to detect because they were in severely worn rails

where the efficiency of the transduction was found to be abnormally low.

More detailed studies of the response to normal bolt holes will have to be

carried out in order to decide on the minimum length of bolt hole cracks

that can be detected. Careful adjustment of the operating frequency for

the 90 0 [MAT channel will have to be performed to minimize reflections from

shallo~ cracks in the head of worn rails while still retaining good sensi

tivity to transverse defects in the upper part of the head. Since large

variations in efficiency of transduction were observed in both the 00 and

90 0 channels, some form of automatic gain control should be added along

with improvements in the transducer geometry and transmitter power.

In general, th~ absence of the couplant fluid allowed the system

to inspect lubricated rails and made the system more convenient to operate

on clry rails. However, the use of a computer to display more information

on the strip chart recorder added sufficient complexity to make the system

very difficult to adjust; especially when some rails exhibited poor signal

la-noise ratios. It is recommended that more efficient EMATs be installed

on both sides of the trailer and more experience.be gained in adjusting the

parameters that influence the strip chart recorder. Also, the capabilities

for off-line analysis of the data recorded in memory needs to be more fully

exploited.
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:2 .0 ] NTHODlJCf IIIN

rhe In:;pccL.iOrl of rClilroad rail for flCllln; ~'nd d(~fE'd s that devl'lop

during the service life of the rail has alwuys bel:ll an illlportant problem for

the railroad industry. Most of the modern techniques of performing the in

spection are based on ultrasonics because it can interrogate the entire

volume of the rail 1n a few microseconds. Therefore, it is capable of detecting

anomalies in the rail head and web from a sensor being scanned along the head

by a car moving at speeds of 10 to 20 mph. Such rates of inspection are de

manded in order to match the normal usage of the railroad tracks. Currently,

several of the problems that limit the performance of ultrasonic inspection

systems are associated with the liquid coupling medium that must fill the space

between the piezoelectric transducer and the rail head. This couplant must be

carLied in bulky tanks on the inspection vehicle and it not only limits the top

speed of irlspeclion but it does not provide coupling on rails that have been

recently lubricated oraLe at extremes of temperature. Furthermore, the types

of sound wuves and their trajectories within the rail are limited compared to

all the possibilities that modern ultrasonic techniques can bring to bear on

an inspection problem.

A program was initiated in 1980 1 to see if a new kind of ultrasonic

transducer called the Electromagnetic Acoustic Transducer or EMAT that does

not require a cOIJplant fluid could overcome some of the problems that limit

the piezoelectric device and thus make possible significant improvements in

the speed and reliability of ultrasonic inspections. After some early feasi

bility tests indicated that the new transducer could simulate the performance

charucteristics of the conventional transducer, the DOT funded a major develop

mentprogram2 at th~ Science Center of Rockwell International Corporation to

test the concept on Gctual tracks belonging to the Santa Fe Railroad and the

Transportation Test Center in Pueblo, Colorado. In the final report of this

work,3 it was recommended tllat a complete inspection vehicle be assembled and

its performance compared with inspection systems currently being used by the

railroad industry. In addition, it listed the unique features of the new

transducer that were to be exploited. These were:

5
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a. The tr.msducer was to operate <1 L ,my ~;pn(~d up to at Ic,JS t 30 mph.

b. The tr.msducer was to be abl e t.o I~XI' ill' ,11111 dd ITt ~,pl',iDI ~;hcar

waves thQt make the \/erbc<JI split head typP. of dell'l" IIlllrl' l1l1\jlJll~; :\Ild Ill'cOli'

the inspection for tr<Jnsversl~ heRd defecb.i t.o he (':IITi.'d mil l'lo~;(' III thl'

surface of the head.

c. The transducer was to operate on dirty surfaces and especially

on lubricated rail~.
¢ 0

d.Sinc'e'the transducer's orientation relative to the rail surface
<,; 0

was not very ciitical to the ultrasonic beam trajectory~ very simple trans-

ducer support stru~tures were to be used.
~,

These requirements and some of the equipment developed under this

earlyde\/elopment program formed the principal basis for the work described in

the present report which focused on bringing the equipment into a mode of on

track study, data gathering and system analysis.

3.0 OBJECTIV[

Ttle objective of the proqram described in this report was to trans

late the conceptual designs and single transducer operations developed

previously into a field worthy prototype system capable of sustained field

testing. In this way, a realistic comparison with conventional flaw detection

systems under actual field conditions could be carried out. , A second, major

objective is to cl~arly demonstrate the advantages of EMAT rail flaw detectors

in order to facilitate deployment of such systems within the rail industry.

Furthermore, the resulting vehicle could ultimately provide the Transporation

Test Center in Pueblo, Colorado with an enh'1nced rail flaw detection capability.

4.0 INSPECTION VEHICLE DESIGN

4.1 TRANSDUCER DESIGN

The basic element in ~he design of a field worthy inspection vehicle

is the use of the Electromagnetic Acoustic Transducer or EMAT
4

that can perform

an ultrasonic inspection without any liquid couplant and is capable of

6



utilizing new and unusual types of shear waves. 5,G It consists primarily of a

coil of wire that rests lightly against the roil head and a magnet to mag

netize the metal under the coil. By controlling thp direction of the magnetic

field and the geometry of the windings in the coil, either longitudinal or

shear type ultrasonic· waves can be excited or delectce) ~nd their direction of

propagation can be chosen. Two separate magnet ond coil systems were chosen

for the rail inspection vehicle in order toseporote the inspection of the

head and the web of the rail. These two transducer systems are £~ferred to as
o 0 0

the 0 [MAT and the 90 [MAT because the former uses a shear wave tData
propagates at 00 to the surface normal of the rail head while the latter sends

its wave along the head at an angle of 900 to the surface normal.

4.1.1 o90 EMAT System

o

In the experimental system used by Rockwell International for their

early research work, the transmitter and the receiver EMAT~ in the 900 system

were of fundamentally different design. The transmitter was a compact array

of permanent magnets while the receiver required a large electromagnet to

suppress Rarkhausen noise. noth transducers operated on the same kind of

shear wave called a Shear Horizontal or SH wave because it shears the metal

in the plane of the surface. Rockwell showed that this particular type of

wave could skim along just under the surface and reflect strongly from transverse

flaws that lay close to the surface even though the rail surface may be covered

with small cracks or checks that reflect the Shear Vertical or SV waves used

by conventional transdS~ers. The top drawing in Fig. 1 shojlls the Rockwell 90 0

EMAT configuration with a smull periodic permanen£ magnet 7 transmitter and a

massive electromagnet receiver. 8 Although the transmitter is compact and quite

efficient, it cannot be used as a receiver in a moving inspection system because

the motion induced Barkhausen noise generated by the permanent magnets obscures

the small ultrasonic signals. Furthermore, the mass of the electromagnet com

bined with the magnetic force of attraction with the rail demanded that steel

wheels be used and these introduced additional noise signals when the trans

ducer moved on dirty rails and at speeds exceeding 3 mph. In prder to improve

on the Rockwell design and thus overcome the speed and noise limitations,

Magnasonics introduced a third EMAT design that utilized magnetostrictive

7
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Figure 1. Schematic diagrams of the Rockwell and Magnasonics 90 0

[MAT configuration drawn to the same scale.
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coupling9 instead of the Lorentz4 force between il mUl]neLic field ilnd a surface

current. The consequences of using this approach ure shown on the bottom of

Fig. 1 where it can be seen th[lt the use of small, pul~:;cd electromagnets for

both the receiver and the tran!;mitter reduced not only in the overall dimensions

but also the total mass of the transducer system. Irl ;lddi tion to these re

ductions in the siz~ and weigh~ of the transducers, the muqnctostrictive

mech(]nism allowed some additional improvements to be illttoduccd. These ~8re:

(1) l~he [MAT coils could be made less sensitive to lhe thickness of the air

9~P llnder the coil and hence, could better accommodate dirty ilnd lubricated

rails; (2) they could be operated at higher frequencies where mechanical noises

produced by wheels rolling on dirt were not so severe; (3) the transmitter EMAT

did not have a magnetic force that pressed the EMAT tightly against the rail

ilnd hence would hilve (] longcr wear life and (4) by using higher frequencies,

the sensitivity to small transverse defects is greatly enhanced.

For all of these reasons, the Magnasonics system was designed to

operate through the milgnetostrictive mechanism at 500 kHz instead of the

250 kHz frequency used by Hockwell. Flath the transmitter and receiver [MAT

coils were mounted on compli,Jnt sllpports to better track irrclJular r~il heads

and Lo have longer wear lives. Fi~. 2 shows a drawing of the 90 0 [MAT coils

which fit between the pole pIeces of the clectromagnet such that the field is

parallel to the long \1Iires in the meander line and perpendicular to the rail

lenlJth.

One drawback to USIng magnetostriction is that the transduction

efficiency may vary widely from rail to rail along the track because cold

work in the rail head and alloy compositions with high chromium content are

knovn to exhibit lower magnetostrictive coupling coefficients. Early in this

program, a study of the magnetostrictive efficiency and hence the sensitivity

of the 90 0 EMATs was conducted on 36 rail samples available to Magnasonics

anJ the histogram shown with .the solid line in Fig. 3 was developed. The

dashed line histogram was taken from Figs. 6-17 of the Rockwell report and

is based on efficiency measurements made with their Lorehtz force EMATs using

a short section of the Santa Fe Railroad test track. The relative position

of the maxima in these two histograms is not \1Iell defined because it depends

on an estimate of the absolute efficiencies of the two methods of generating

9
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SH \IIaves. HO\llever, the magnctostrictive mechoni~jlll exhibitcd a highcr <Ibsolute

efficiency and, even though the histogram sho\lls :1 It/ider 1'~lIllJI' or l'rril'jl'nri('~;,

it \lias felt thnt thiG inherently higher efficif'nq' 1II0uid lllilk., lip 1'01" till' 10\11

efficiency on a fC\ll rails.

4.1.?
oo EMAT System

For the Rockwell experiments, the bulky 81ecLromagnct sho\lln in the

top dro\lling of Fig. 1 \lias used. For the Magnasonics inspection vehicle, this

magnet \lias judged too large to accommodate frogs and s\llitches so a sm~ller,

more efficient magnet \lias designed. A drawing of this magnet is sho\lln in

Fig. 4 along \IIith the EMAT coil used to excite and detect the 00 shear waves.

These \IIaves enter the rail head perpendic41ar to the surface of the head and

propagate through the web to the base \IIhere they are reflected back to the

head ana the EMAT that introduced them. As sho\lln in Fig. 4, the EMAT coil is

actually a side-by-side, transmitter/receiver pair of coils that is sand\lliched

bet\lleen the magnet pole piece and the head of the rail \IIhere the magnetic
".

field is nominally perpendicular to the surface of the head. Theoretically,

no magnetostriction is irivolved in the efficiency of this EMAT and the signal

strerlqth or efficiency should vary as the square of the magnetic field i~ the

gap. Unfortunately, and in agreement \IIith data sho\lln by the Rock~ell Inter

national studies, this quadratic dependence \lias not exactly follo\lled and the

general level of efficiency \lias found to be smaller in \IIorn rails. These

empirical facts aresho\lln in graphical form in Fig. 5 \IIhere the dashed lines

have the parabolic shape predicted by theory: For the tests in the field,

the magnetic field \lias kept as high as possible but the efficiency still

varied from rail to rail as more or less \IIear \lias encountered. Data on the

actual efficiency variations encountered in the field \lias obtained with the

final system on Section 10 of the Facility for Accelerated Service Testing

(FAST) track in Pueblo, Colorado. These data are sho\lln in histogram form in

Fig. 6 \IIhere it can be concluded that the width of the distribution in

efficiency for the 00 EMATs \IIhich operate through a Lorentz force coupling

mechanism is very similar to the distribution observed for the magnetostrictive

mechanism sho\lln in Fig. 3 \IIhich \lias used fo~ t~e 900 EMATs. No explanation

for this similarity is available at this time.

12
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The primary tJ~JP. or the 00 EMAT WQG to d(:Lccl. f'lnun; in the web of

the rail by observing when the reflection from the Ilase wan ubnormQlly

attenuQted. It was also found by the Rockwell Intcrnntionnl studies that

if the shear wave produced by the 00 EMAT was polarized perpendiclilar to the

web, then a vertical split head type of defect produced a maXlmum change ln

the amount of attenuation and thus was most effectively detected. Magna

sonics used its 00 EMAT to verify this observation and to study the phenomenon

at different frequencies. Fig. 7 shows the results of this study on rail

samples with varlOUS amounts of head wear. Although the vertical split head

(VS~I) defect usually caused a large drop in reflected signal at the frequency

of 2 MHz used by Rockwell, a lower frequency of 1.5 or 1.0 MHz would make the

effect more pronounced and hence make the detection of this defect more

reliable. Whenever the next series of improvements are introduced into the

inspection system, it is recommended that the operating frequency of the 00

EMAT channel be lowered from its present 2 MHz to 1 MHz.

4.2 TRAILER DESIGN

Early in this program, a design review team composed of representa

tives from Sperry Rail Service, the AAR, the Santa Fe Railroad, Rockwell

International and the FRA was assembled at Magnasonics, Inc. in Albuquerque,

New Mexico, to discuss detailed mechanical design criteria for the inspection

vehicle. The following"list summarizes their recommendations.

1. The EMAT coils should have a compliant backing and a wear

re~iGtant face to ride lightly on the rail head and track minor variations in

the orientation of the surface. Sufficient clearance and shock resistance

should be available to accommodate a 1/4 11 step at a rail joint.

2. The coil and magnet structure should be supported on wheels with

flanges so that the EMAT would follow a path at a fixed distance from the gage

face of the rail head. A crank should be available for the operator to adjust

this distance in the field.

3. Each individual EMAT carriage (two at 90 0 and two at 00) should

be retractable for off-rail transport and free enough to ride over obstacles

15
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on the rail while ill U)(~ inBpccbon po~;il ion. I ;wiJ ~;Ilu\lld \.)(' ~;i/('d 10 be clblc

t.o p,J~;S t.hl'ollqh I" rO(Jl; ,lIld mill lcllr)~".

4. rhf~ ['r,Jme that :;upporb; the Ft11\1 (':IITirl'.1I' :;llDlI\d Lw ;1 I r,lj 11'1'

capClblc of being tOll/ed on a highway or on railroad tra('k~, i.l'., L1 h.1(1h\1"\)

fail type of trailer. It must have sufficient ~)trength to support all the

parts so that the vehicle can be totally self-contained.

Fig. 8 shows the basic design of the trailer frame. It consists of

a central box structure to support the two rubber highway wheels and their

axle. This box is equipped with a hand crank and lifting screllls that raise

and lower it relative to the main frame of the trailer. Four 10" diameter,

flanged railroad wheels support the main frame when it is on the railroad

tracks. The diameter and the flange dimensions of these wheels were chosen

to allo111 the trailer to be pushed backlllards around a 20 degree curve at 25 mph.

Fig. 9 is an outline drawing of the assembled inspection trailer

showing the [MATs in position to inspect the rail. Its most significant loads

are the pOlller supply motor generator set and the instrument box. The former

is the heaviest object and hence is positioned over the highway wheels. The

latter is located such that the trailer nearly balances on its highway wheels.

In this way, the trailer may be maneuvered from the highway onto the rails at

~ road crossing by small forces on the tongue of the trailer. This tongue

force, however, must be large enough to insure a firm connection to the towing

vehicle under normal operation. Thus, in the final design, all the components

on the trailer are located to make this force about 250 pounds or betllleen 5

and 10 percent of· the trailer lIIeight.

In order to make the system completely self-contained, the instrument

box was designed to. hold all of the individual chassis boxes needed for the

electronic data processing and display. However, during actu~l field

operation, some of the boxes are to be carried on the towing vehicle so these

have been equipped with long cables and connectors to allolll the system to be

operated from a location about 20 feet alllay.

The mechanical system also included hydraulic pumps, valves and hoses

for raising and lowering the [MAT carriages and for maintaining the EM AT

17
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carriaqc wheels pressed "quinsl. t.he U,Il)O Ujc!l' 0(' III(' (';Ii I:;. ('0111(,01 or Illi~;

hydrLlulic system Iva!.> not-. extended 10 Lhe tuwilH) 11l'11il'1c !J1I1' IIUI:;I Ill' dUll!' by

the uperator \Ilhile standinl] beside the Lrai.1cr. ['o\l/{'(' IllI- 1111' I',llll pSI.

CJpm hydraulic pump was !;upplied by the 12 volt brlll.cry ill the l11:1il1 IllUtOI'

qenerator set.

4.3 POWER SUPPLY DESIGN

The EMAT magnets require the most powor arid hence dominate the

specifications for the on-board power supply. ~~ilJ(:c Lhe pulsed magnets

demand a dc source to maintain a charge on their cupucitor banks and the

00 EMAT electromagnet used only dc power, the most efficient choice was a

portable motor generator set designed for dc arc welding. Commercial units

for t.his use are equipped with an auxiliary, 110 volt ac output so the

electronic circuits of the EMAT system did not need any special source for

their power. The power requirements for each subsystem are listed below.

1. 900 EMAT, 2 coil pulsed electromagnet----------- 2 kVA

2. 00 EMAT, 1 coil dc electromagnet---------------- 0.2 kVA

3. Electronics (110 volt, ac)---------------------- 1 kVA

Thus, the inspection of two rails \Ilill require a minimum of 4.4 kVA of dc

power. To get the desired dc voltage level and good control over the

st.ability of the output, a Miller "IJig 40" Arc Welder unit \Ilhich can produce

8 kVA of output was chosen. It operat.es on gasoline und has <:l 3 kVA 8C output

which easily supplied the requirements of the electronics.

4.4

4.4.1

ELECTRONIC DfSIGN

Analog Signal Processing

The basic inspection procedure consists of forming an RF tone burst,

converting it into an ultrasonic wave in the rail, reconverting any received

siqnals into electrical signals, amplifying and rectifying th~se signals,

paSSIng them through a series of time windows and finally sttiring a voltage

proportional to the maximum signal in each time window on an array of sample-
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and-hold circuit~ where the digit<JI computer could IH.J\J(~ <.Jcce~;s to lhe informa

tion when needed. In ml Er~AT system, the <JpplicoLjon of the tone burst signal

to the Er'tAT transmitter coil requires a unique, hiqh current 3mplifier circuit

~nd the preamplifiers connected to the receiver [MAT [~uils must h<Jve low noise

characteristics when connected to low impedance inductances. Both of these

critical circuits were developed by Rockwell International during the research

phase and were used in this contract with only small modifications. Examples

of some typical electrical signals in the 90
0 EMAT chonnelare shown in Fig. 10.

rircLJits for forming the windows and for charging the sample-<.Jnd-hold circuits

ore commOll to most ultrasonic systems so they only needed packaginq and i.n

3toJlotion In the Magnasonics Central Control Box carried in the inspection

lJeh.icle.

One feature of EMATs that was used in the Rockwell International

studies and essentially copied by Magnasonics was the use of two receiver coils

under the 900 EMAT pulsed electromognet. By positioning the two coils 1/4

wavelength apart and combining their outputs in a phase shifting network, it

was possible to distinguish between ultrasonic waves that approached the EMAT

from the right and from-the left. Application of this feature to rail In

spection allowed utilization of the fact that a single 90° transmitter produces

two Illtr<Jsonic outputs; one being an acoustic signal that propagntes forward

and the other, backwards. If the forward going wave reflects from a flaw in

front of the EMAr pair, the echo signal will enter the receiver from points

ahcud or approaching the EMAT while the backward traveling wave will create

echoes from flaws from behind or receding from the EMAT. Thus, by monitoring

the two outputs from the phase shifting network, a given flaw in the head of

the rail will produce echo signals that are first detected as the EMAT

approaches the flaw and then detected again as the EMAT recedes from the flaw.

This not only increases the probability of detection but by comparing the

amplitudes of the echoes in the two channels, it is possible to gain information

on the orientation of the defect. As a result of implementing this directional

feature of EMATs, the output analog si9nal processing circuits are designed to

handle three channels of information from a single rail: one for the 00

echoes, onother for the 90
0 approaching echoes and a third for the 90° receding

21
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(b). RF output 'of the 900 EMAT receiver
showing three signals. No. I-the feed
through signal when the transmitter is
operating. No.2-the ultrasonic signal
received directly from the transmitter
(called the Direct Transmission signal).
No.3-an ultrasonic echo signal returned
from a rail end. (2 volts/div. vertical;
20 ~sec/div. horizontal)

(c). Detected vers~on of the RF signals
shown above except that the echo signal
is from a 13 percent transverse defect
type of flaw. (I volts/div. vertical;
20 ~sec/div. horizontal)

Figure 10. Oscilloscope photographs of typical signals in the EMAT
inspection system. Here, the RF signals have been passed through a
fixed, band pass filter with a ± 5 percent bandwidth.
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echo~s. Thus, lile diLJil:t1 ~;ilJll~l1_ [1rocessing and Lhe di~;pLJY procpdlll'CS I1L1V(~

six channels of illformdl ion l.o Ilrocess at each mca"urclllcnt point alonq 3 p;lir

of railroad tracks.

The only special feature that distinguished the Magnasonics

analog circuits from Rockwell International was the addition of pulsed magnets

to the 900 [MAT system. Fig. 11(a) shows a diagram of the SCR circuit used
oto supply [1ulses of current La the electromagnets used for the 90 [MAT and

Fig. lOeb) shows a graph of the current waveform. Under typical conditions

this circuit is triggered 1300 microseconds before the [MAT transmitter was

activated and the pulse duration of 2000 microseconds was chosen long enough

to insure that a high magnetic field was always present at the [MATs during

the 300 microseconds needed for the ultrasonic waves to propagate in front

and behind the sensors by about 10 inches.

4.4.2 Timing and Multiplexing

Since the [MAT inspection system uses shear type ultrasonic waves

that travel with a speed of 0.127 in/~sec, it takes the 00 [MAT about 115

~sec Lo complete its inspection of the web. By allowing 200 ~sec for the 900

EMAr syslem,an inspection of the head of the rail for a distance of nine

inches in front of the transmitter and nine inches behind the receiver can be

carried out. Thus, a minimum of 315 ~sec must be allocated to the ultrasonic

part of the inspection of each rail. By allocating 685 ~sec for the digital

processing of the data, two measurements on a rail can be completed in one

millisecond and each transducer can operate at a one kilohertz repetition
ofrequency. Such a rate could cause the pulsed magnets on the 90 system to

dra~ excessive power but since these sensors naturally inspect a considerable

distance along the rail with each firing, they were allowed to fire much less

often than the 00 EMATs.

In the initial specifications of the inspection vehicle, an odometer

wheel was required to trigger the EMAT firings so that the data would be

collected and stored on a distance basis rather than on a time basis. To

meet these requirements, an odometer wheel with a 24 inch circumference (a

7.64 inch diameter) was attached to an encoder that generated 128 counts per
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revolution. This assembly, therefore, produced a tr ig£]r:r si~Jllal every 0.19

inch of motion along the rail. Since the fastest repetition frequency that

could be <:JllO\ued \II<:JS 1 kHz, the top inspection !;pecd \IIa:; therefore 190 inches!

s~cond or 10.8 mph. Note thnt ulthough [MATs <Jrc ;Ible to OPCI~<Jtc at hi£]her

speeds, this top speed of inspection for thiu EMA I :;ystCIIl \liDS seL by the datCl

processing speed.

Fig. 12 displays <:J11 of these timing constraints in the form of <:J

timing diagram. At time zero, a trigger signal from the odometer \IIheel or

from an internal clock fired the 00 EMAT and opened a \IIindo\ll that \IIould label

any echo signals received as comlng from defects in the \IIeb of the rail.

Just before the arriv<:Jl of the reflection from the base of the rail, this
o

windo\ll \lias closed and d \IIindo\ll in a second channel \lias opened to bracket the

base echo and thus label the signal i:l the second \IIindo\ll channel as the base

echo. In the subsequent 500 ).lsec, the maximum signal amplitude in each of

these \IIindo\lls \lias stored on a sample-and-hold circuit for the system computer

to illterrogate, digitize and ~tore in its memory <Jlong \IIith the odometer count
oassociated \IIith the initial trigger signal. After about 500 ~sec, the 90

EMAl \lias fired and different \IIindo\lls \IIere opened in both \IIindo\ll channels. A

mul Liplexing circuit connected \IIindo\ll channel 2 to the output of the phose

sensing circuit that produced echoes from the receding side of the 90 0 EMAl

rr~cciver cmd connected \IIindo\ll channel 1 to the output of the 8ppro;jchinrJ side

of Lhe 90 0 EMAT recOlvcr. T\IIo consecutive \IIindo\lls in channel 1 collecLed

first the large signal from the transmitter as it passed under the receiver

[MAT on iLs \IIUY along the rail head and labeled it as the "Direct Transmission"

signal. The signals ill the subsequent \IIindo\ll of channell were labeled

"Approaching Echoes" because they entered the receiver from the approaching

side of the EMAT. The echo signals detected in \IIindo\ll channel 2 ~ere labeled

II r~eceding [choes" because they entered the receiver from the receding side of

the EMAT. Again, the maximum signal voltages in each of these ~indo\lls \lias

stored on sample-and-hold circuits until the computer could collect them and

store them in its memory. At 1000 ).lsec, the 00 EM AT \lias fired again and the

same \IIindowing sequence that accompanied the first firing of the 00 EMAT \lias

repeated. HO\llever, this time it \lias not follo\lled by a 90° EMAT firing so
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that the pulsed electromagnets could rest and the "free time" could be spent

on additional data processinq needed to display the d<:ltLJ points .on C1 ern
screen or on a strip chart recorder.

4.4.3 Digital Dulu Processing and Display

As a resul t uf the real time, analog ~Jignal processing wi th windows

and sample-Clnd-hold circuits, the computer memory was filled with many

individual lines of data--one line for each measurement. Each line contained

the following information for a glven location along the rail: (1) an odometer

count; (2) the maximum echo amplitude from reflectors in the web; (3) the

amplitude of the echo from the rail's base; (4) the amplitude of the Direct

Transmission signal in the 900 EMAT channel; (5) the maximum echo signal from

the receding direction of the head; (6) the maximum echo signal from the

approaching direction; (7) a second maximum signal amplitude from the web and

(8) a second base reflection amplitude. The odometer count was allocated three

bytes because it must be capable of representing a long distance. Each of the

signal amplitudes was allocated a hyte so that a maximum si9nal of 10 volts

could be represented by 256 units of 40 millivolts eactl. Once stored In

memory, these data could be displayed to an oper<:ltor in ~eal time or kept

for subsequent processing at a laLer date.

Two options for display of all these data were available. One was

the CRT of the computer while the other was the strip chart recorder. The

former is fast enough to keep up with the data collection rate of seven signal

amplitudes for each odometer pulse but it is difficult for a human operator

to react to all this information on a continuous basis. The latter is easier

for the operator but its response time is too slow to record the results of

each triggering signal from the odometer wheel. Thus, the first signal

processing task of the computer was to perform an elementary screening of the
. , '

data for presentation on a strip chait. This consisted of grouping the data

into sets of ten readings and sending the largest signal amplitude in the set

on to the recorder. To further simplify the display, this largest sign<:ll

ampli tude was compared \lii th an operato'r-set threshold level and if the echo

exceeded this threshold, the pen of the r~coider was moved to a deflection
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proportional to the amplitude. This procedure accommodates the slow response

of the recorder and CJlso allows the pen to "map" the amplitude variations as

a function of the position along the rail if the flaw extends over an

appreciable distance. In addition to this flaw information, the combined

computer/recorder technique provided a means for monitoring the quolity of

the inspection by displaying the ultrasonic transducer efficiency at each

point. This was accomplished by using a two channel strip chart recorder and

deflecting one pen in proportion to the amplitude of the direct transmission
Q,

signal in the 90 0 EMAT channel and the other pen in proportion to the amplitude

of the signal reflected from the base of the rail in the 00 EMAT channel.

Under ordinary conditions on a good rail, the two pens mark out a path near

the center of the chart. If the transducer's apparent efficiency decreases

because a large flaw or a rail end intercepts the 900 sound beam in the head

or a bolt hole in the web or a weld bead on the base scatters the 00 beam,

the pens move downward to much lower deflections and thus sighal the operator

of these conditions. If a long section of rail is worn or its head surface

IS seriously misoriented so that the [MAT does not couple well, then the pen

will remain at a low deflection for a long time and the operator can increase

the gain of that channel or readjust the position of the sensor on the head.

Under all of these conditions, the pen can still be moved to large deflections

by flaws that cause echoes lhus insuring that flaws are not missed.

Figs. 13 and 14 show some examples of the strip chart records as

the [MATs were scanned over sample rails in the laboratory. The top record,

Fiq. 13, is for a 900 FMAT scanning across a transverse defect in the head of

rail sample 319. Here the normal signal level of the flaw-free rail is between

2.5 and 3 divisions. As the [MAT pair approached the defect, a small echo in

the approaching channel deflected the pen a few tenths of a division up scale.

As the [MAT pair passed over the flaw, the defect intercepted the sound beam

and lowered the direct transmission which lowered the deflection of the pen

for the entire time that the flaw was between the [MATs. Immediately after the

flaw emerged from under the EMATs, a large echo appeared in the receding

channel and the pen lUGS deflected by over 5 divisions up scale. Once the flaw

had passed the EMATs, the pen returned to the normal position at a 3 division

deflection. Therefore, a transverse defect in the head should cause a very
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Figure 13. Example of a strip chart recording caused by the
passage of a 90° EMAT over a transverse defect in rail sample
No. 319 in the la~oratory.
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Figure 14. Example of the strip chart record for a 00 EMAT scanning
from a vertical split head defect in rail No. 311, across the rail
end, and then over two bolt holes and a hole in the head of rail
No. 314 in the laboratory.
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characteristic signature on the strip chart consisting of two positive

deflections with a dip between.

Fig. 14 shows an example of the strip chart record produced when

the 00 Er1AT was scanned across the joint between two roils. Here, the no

flav positior:i of the pen (corresponding to a good reflection echo from the

base) is at midscale and occurs on the right side of the chart. 011 the left

side of the chart, the [MAT was ol/er a vertical split head in rail sample 311.

This flaw extended up to the end of the rail which appears 1n the middle of

the chart. Both the vertical split head and the rail end prevent a base echo

from being formed and the chart pen registers a very low deflection until the

[MAT moves onto roil 314. Two bolt holes in the end of rail 314 appear as

sudden decreases in the pen deflection and a third, wider decrease in echo

amplitude and pen deflection on the right side of the chart was traced to a

hole drilled horizontally across the head of the rail.

In a practical rail inspection, it 1S common practice to operate at

such high qain levels in the amplifiers that the base echo and the direct

transmission signals are saturated so that their apparent signal amplitudes

do noL change as the vehicle mOl/es down the track. Use of such a procedure

1n this computer controlled system would simplify the strip chart presentation

by inSIJrinC] that the pen would usuolly draw a striJil]ht line down the center of

the chart in the absence of flaws in the head and in the presence of a strong

reflection from the base. Flaw echoes would deflect the pen upward and complete

disappearance of the ultrasonic signal would deflect the pen downward.

Clearly, it will be a matter of taste and experience to decide exactly where

to set the gain controls and thresholds to present the operator with the

optimum amount of information.

The use of the computer to "buffer" the signals to the strip chart

recorder not only allows rapidly changing flaw signals to be recorded but it

makes possible the presentation of additional, potentially useful information

to the operator. However, it does not present all the details in the signals

that may be needed to make quantitative judgements concerning the severity of

flaws or to distinguish between some similar types of defects. In particular,

bolt hole cracks are detected only by the fact that they cause the disappearance
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of the base echo to p.xtcnd over 811 obllorlll3.1 di~31;I1ll'I~ ;I!llllil Ill(' I'"j I. 1\11 cX<ll'l

measurement of the widlh of t.he "s hadolll" crmt hy ;1 IHJII hull' l';\ll lJlll)' l1(' 1Il~ldc

from ,J very deL'lL.1cd examination of' the widlh of llll' /('1'1; 1);1:3\' l'"lll1 ::iljllLll

amplitude as a Furlction of loc,ltion of the nO [MAl. Sjlll'(~ til(' C'ompu!rr

memory actually holds this specific informotion, ;1 :3ecumJ valliR of havinq the

inspection system controlled by a computer is the ubiLiLy to display the

details of any signal variation at any time after Ihe [MAT h8s passed over a

questionable area. Fig. 15 is an example of this'cap8bility since it shows

a detailed graph of the echo amplitude values stored ir1the computer memory

as a function of th~ location of the 00 [MAT as it scanned along two rail

samples labeled rail 219 and rail 32. (These data are much more detailed than

usual because they were taken when the system was being triggered by a con

stantly running clock as would be the case if the inspection was being per

formed at a very low scanning speed to collect detailed data on a specific

reqlon of track.) Rail 219. is noteworthy because it contains three bolt holes

in the web and a head-web separation at the left em.!. The ul hasonic informa

tiOfl clearly shows the vanishing of the base reflection over a well defined

distance in the vicinity of Lhe two bolt holes on the right and the total lack

of ~ base echo under the head-web separation on the left. Note that there

appears to be a reflection from the edge of the sepClration in the region

where the bose echo disappears. There are also some small echoes when the

D1AT llIas directly over the bolt holes. Rail 32 shollls U1C bolt hole shadows

morc clearly and larger echoes from them in the top line of the figure. How

ever, it presents an excellent example of the distortiorl of the bolt hole

shadolll by the presence of a bolt hole crack eminating from the left side of

the hole. A large echo from the base of the crack, next to the hole clearly

appears in the web echo channel.

Fig. 16 shows similar detailed signal amplitude dat.a obtained in rail

303 with the 90 0 [MAT. Here, the center, graph displays the Direct Transmission

signal amplitude which was so large that it saturated the amplifier and caused

all the data points to plot at the top of fhe scale with no apparent variations

as a function of [MAT position. The large echo amplitude shown on the right

end of the approaching echo channel was produced by the transverse defect.

Unfortunately, this particular defect appears to have been poorly oriented for
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causing a large echo in the receding echo channel so only a small'maximum

appears at the left hand edge of the receding echo graph. A small maximum

in the receding channel at the same location as the maximum signal in the

approaching channel is probably caused by an imperfect separat~on of the

approaching and receding signals in the special filters at the output of the

preamplifiers in the 900 EMAT channel. This shows that the separation

between the approaching and receding signal channels was actually only about

-14 dB.

4.4.4 Electronic System Summary and Block Diagram

The paragraphs above describe the operation of the individual parts

of the inspection system. Fig. 17 is a block diagram that shows the essen

tial parts of the electronic system and allows the signal paths to be traced

out. As depicted on the left hand side of the diagram, the inspection process

is initiated by a trigger pulse from a clock for time-based measurements or

from an odometer wheel for distance-based measurements. This trigger pulse

enters a computer I/O Board to initialize the COMPAQ PORTABLE 286 computer

which, in turn, proceeds to step through the timing diagram ~hown in Fig. 12.

The Transmitter Drive Board (located in the Control Box on the towing vehicle)

converts a trigger signal from the I/O Board into an RF tone burst suitable

for driving the 900 and 00 transmitters that are located out on the EMAT

carriages. The preamplifiers and phase shifting networks are also located on

the EMAT carriages but their outputs are returned to the Control Box where

the signals are filtered, windowed and channeled into the proper lines to be

peak detected and stored on the sample-and-hold circuits. When the computer

is ready, the I/O Board initiates the conversion of the voltages on the sample

and-hold boards into digital format and fills the buffer memory with the

inspection data to be associated with a particular odometer count or clock

pulse. When the buffer is full, its contents are assigned a file number and

permanently stored on the hard disks of the computer. From there, the

operator can command that the data be printed out, displayed on the CRT or

processed for the strip chart recorder. A signal monitoring oscilloscope

gives the operator the ability to monitor the size and shape of a wide

variety of signals throughout the system for diagnostic purposes. Fig. 10
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Figure 17. Block diagram of the inspection system for one rail.
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figure 19. Photograph of the EMAT magnets and carriages.
~Oo EMAT (top) and 00 EMAT (bottom).
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Figure 20. Photograph of the operator's station at the rear of
the R-2 towing vehicle.

38



sholJls eX8rnrles of uevrj";!l cnrrlrnon signals. Appendix A gives ofJerLlting ir1struc

t.ion~j for the ~~y~~terli cHlr] dr;:,cribcc Llll these capabilitios more fully.

~.O OPERATION

5.1

5.1.1

DELIVERY TO THE TRANSPORTATION TEST CENTER

Inspection Configuration

After assembly of the trailer and the electronic instrumentation

into a self-contained unit, tt1e complete system was tested at Magnasonics on

a row of sample rails which conLairled flaws that had been well characterized

during the Rockwell International fJrogram. Only two EMATs were mounted on

one side of the vehicle in order to test their performance before going to

the expense of manuf~cturin~ and mounting copies on the other rail. Thus,

all of the results presented ln this report were obtained during inspection

tests at low speeds and on only one rail. ,The data shown in Figs. 13, 14, 15

and 16 were obtained on the sample rails and gave assurance that the equipment

was behaving as planned before it was sent into the field. A few short tests

were conducted on tracks owned by the Atchison, Topeka and Santa Fe Railway in

Albuquerque in order to verify the transportability and durability of the

unit before it was delivered to TTC in Pueblo, Colorado during the last week

of May, 1987.

Fig. 18 shows two photographs of the trailer on Section 10 of the

Fucility for Accelerated Service Testing (FAST) of the Transportation Test

Center (TTC) as it was being readied for an inspection test. The towing

vehicle shown ~as provided by the DOT specifically for this program and was

called the R-2 Vehicle. Fig. 19 shows two close-up photographs of the EM AT

carriages themselves. The 90 0 EMAT was mounted in front, near the instrument

container, while the 00 EMAT was mounted near the rear wheel of the trailer.

Since the trailer was self-contained, the towing vehicle required

no special outfitting except for a trailer hitch that was compatible with the

trailer's towing fixture and some tiedown brackets to accept the control in

struments that were moved from the instrument container on the trailer onto
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the towing car. Fig. 20 is a photograph of these control instruments in

place on a shelf at the rear window of R-Z. The two channel strip chart

recorder (Gould t10del 2107-2290-XX) can be seen next to the Compaq computer

on the left while the signal monitoring oscilloscope (Tektronix Model 2213A)

is at the right of the computer. On the far right, the system Central

Control Unit sits on a shelf by itself. The small box in front of the

Control unit is an emergency ON-OFF switch. The view of the printer for the

computer is cut off by the left edge of the photograph.

5.1.2 Start-up Procedure

Detailed instructions on how to activate the system are given in

Appendix A. When followed, the signal monitor oscilloscope should display a

base echo on the 00 channel and a direct transmission signal on the 90 0

channel both of which should be at 8 volts in amplitude. The pens of the

strip chart recorder should be at midscale and deviate from this line only

if the above signals fall below 5 volts or a flaw echo that exceeds the thres

hold is detected.

5.1.3 Calibration or Sensitivity Selection

Section 10 of the TTC FAST track contains several well documented,

natural defects plus machined holes of various diameters and depths. In

order to establish a basic sensitivity for an inspection run, il is useful

to set the system variables such that a geometrically well defined ultrasonic

target yields an easily recognized output or display. For this purpose, a

row of 1/4" and other diameter holes drilled into the side of the head of the

rail in Section 10 was scanned with the inspection trailer and the gain in the

900 channel was set to yield a large deflection on the strip chart recorder

when the sound beam passed over the deepest hole. Forcing the strip chart to

give a large deflection for a small flaw is of great importance to the

operator because it tells him that the system has located an unusual group of

signals and where to look in the computer memory to get detailed information

on the region. Such a deflection can be achieved in spite of the settings

established in the set-up procedure by increasing the gain far beyond the

point where the direct transmission signal saturates the amplifiers and
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produces ~ signal that stays aL a constant 10 volt level. Under these

cor,ditiorlS, the computer normalizes the small flaw signal by dividing it by

the const&~t Ie ~olts, mlJ1tiplies the quotient by 250, checks to see that the

result exceeds r.ne thn)~>hold ond deflects the recorder pen accordingly. Fig.

21 shows two different strip churt recordings obtained when the inspection

vehicle was scanned over the 1/4 inch diameter holes cJrilled into the side of

the head of a rail. Only the strip charts for the 90 0 EMAT channel are shown

and the gain has been increased until the hole that was drilled completely

through the head caused a near full scale pen deflection in both the

approaching and the receding channels. At this same gain setting, t~e hole

drilled only halfway through the rail deflected the pen only when the system

approached the hole. This is probably because there was an unbalance in the

phase sensing circuits that separate the approaching and receding signals.

6.0 RESULTS

6.1 INSPECTION OF TTC RAIL

With the system gains odjusted as descriGed obove und while the

system sat on the rail containing the side drilled holes, an inspection scan

was begun near tie 467 where a transverse defect wus known to exist. Fig. 22

shows the strip chart output from this scan. Channel 2 of the recording shows

the output of the 90 0 EMAT which displays a midscale pen defle~tion in the

absence of defect indications. The transverse defect at tie 467 (at the start

of the scan in the upper left) appears as two up-scale deflections at the very

beginning of the trace immediately followed by very large deflections that are

characteristic of a rail joint. Joints between rails show an increased pen

deflection as the echo from the rail end approaches, followed by the complete

disappearance of the signal while the gap between rails passes between the

transmitter and the receiver and then the second large pen deflection as the

rail end puts an echo into the receding channel. Note that this "Mil shaped

signature occurs at regular intervals in the chart record as the inspection

vehicle passes over the rail ends at regular distances. Immediately following

the rail joint at tie 463, the rail head between ties 463 and 441 appears to

be covered with ultrasonic reflectors because the pen is frequently moved IIp
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Figure 22. Example of test results obtained on Section \0 at TTC
from Tie No. 467 to Tie No. 383.



scale as the scan continues. Following tie 441, the other rails in the scan

shown on Fig. 22 are free of these indications. A visual examination of the

rail between ties 463 and 441 showed that it was badly shelled so it was

presumed that some of the surface cracks actually curved deeper into the

surface and penetrated far enough to cause reflections of the SH waves.

Metal10graphic examination of this rail will be needed to verify this inter

pretation. Only one other indication of a flaw in the rail head appears in

Fig. 22 and that is between ties 414 and 390 at about tie 399 where only one

approaching or receding channel records an echo. More careful examination

of this signal should be performed by examination of the computer records or

by visual inspection. Fig. 22 also shows a few downward deflections of the

recorder pen which were not correlated with any unusual signals in the 00

EMAT channel or any visible property of the rail. Further investigation is

needed here.

Channel 1 or the top trace in Fig. 22 displays the output signal of

the 00 EMAT. Here the channel gain was insufficient to saturate the base

echo and keep the pen at midscale so the chart records all the small variations

in EMAT efficiency as a function of position along the track. Although these

pen fluctuations are distracting and could have been suppressed by simply

increasing the 0
0 EMAT gain, the disappearance of the base echo at the bolt

holes near each joint is clearly resolved and provides another characteristic

signature that can be used to recognize a joint. Note that the joint features

in the 900 and 00 channels are uniformly displaced from one another by about

five large chart divisions because the 00 EMAT follows behind the 90 0 EMAT by

89 inches and, hence, passes over the same feature in the rail at a later

time. Under conditions of common practice, the gain in the amplifiers would

be kept high enough to saturate the signal and keep the pen steady at midscale

so that the bolt holes and joints would stand out on the chart presentation

and any other disruptions of the'ultrasonic signal through the web would also

be easily detected. ,One such disruption would be at field welds where the

weld bead or flash distorts the base of the rail and eliminates a clear echo

from the base. One such dip in the base reflectivity was indeed identified

as a field weld at tie 425. Another, similar dip in signal at tie 399 may
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<I1~jO he LJ weld cHIc! rnuy 11;JVC caused the echo Lhat ;qlIJCUI':, ill IIw U() I M/\J ill

specUon c113nn[~1 that was discussed above. Uther prornilwrll I'(~j'os j n the

base reflectivity occur near ties 453 8nd 4~1 and ;lCCOInP;1I1Y tile stwllinrJ In

that particu18r rCJil. There are several very shor l: duud iOIl lip-scale de

flections on the 00 channel that would indicate vory short and strong

reflectors in the web or head. Since no such flaws were known, these pen

excursions ~ere considered to be some sort of random noise and were ignored

unless they persisted for a long distance.

Appendix B collects together both the computer printouts and the

associated strip chart records for a variety of well known defects In

Section 10. They have been grouped according to the channel in which the

unusual signal features were prominent in order to compile a catalog of

characteristic signatures for each type of flaw according to the EMAT that is

most seriously effected. Pages B-1 through B-3 describe three transverse

defects in the head. The fluw shown on Page B-1 was not anticipated by the

TTf staff but 98ve a clear indication both to the computer and to the strip

churt. The transverse defect (TD) at tie 463, shown on Page B-2, appears

to be very close to the rail end and exhibits a large echo in the receding

channel. Pages B-4 through 8-8 describe flaws detected with the 00 EMAT.

Pages B-4 and 8-5 show how the computer printouts and the strip charts

respond to field welds and small holes in the web, respectively: Pages B-6

and 7 show how bolt hole cracks cause the regular shape of the "shadow" cast

by a bolt hole to be distorted and expanded by the presence of a crack at

one hole. The small head/web separation shown on Page B-Bappears primarily

in the echo chunnel of the computer printout. In all of these examples using

the 00 EMAT, there appears to be excessive electronic nOIse In the echo

window and is plotted out by the computer as individual points. '(The fact

that the individual points are in vertical pairs is an ab~rration introduced

by the printer.)

6.2 RESULTS OF THE EVALUATION TESTS

For two months after delivery of the system to TTe and following

the training of the TTC staff, the system was evaluated by operators skilled
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in Nondestructive- Testing with only repair support by Magnasonics personnel.

Following this two month trial, two major criticisms were reported. The first

was that some known transverse defects in the head of some rails were not

detected. It was determined that the most probable reason for missing these

reflectors in the head was because the transducers had lost their sensitivity

in the particular rails containing the flaws. Such a determination was

possible because the system naturally monitored the transduction efficiency

of the 900 channel by continuously recording the amplitude of the direct

transmission signal. As pointed out by Rockwell International, verified by

Magnasonics at the start of the program and shown in the histograms in Figs.

3 and 6 of this report, it was to be expected that a few rails would be found

that had weak magnetostrictive coefficients and hence would require some

special adjustments to the gain of the 900 EMAT channel.

The second criticism was that the strip chart records often appeared

to be very "noisy" and it \lias difficult to distinguish up or down deflections

caused by flaws from deviations of the pen position from the middle of the

chart caused by local fluctuations in the strength of both the base echo in

the 00 channel and the direct transmission signals ln the 900 channel. This

second criticism could also be traced to variations in the transducer

efficiency but such a conclusion was unexpected because the 00 EMAT does not

rely on a magnetostrictive coefficient for its sensitivity.

Figure 23 shows an example of these criticisms taken from experi

ments performed by Magnasonics in August, 1987, after the evaluation tests in

order to clarify the nature of the problem. For these experiments, the

strip chart recorder was set up to display the 00 base reflection amplitude

and the 900 direct transmission signals as measures of the local transduction

efficiency. A rail with excellent signals was chosen to define the full scale

deflection so that poor efficiency could be measured quantitatively by how

far below full scale the pen remained on other rails. The figure shows that

between ties 685 and 667 (a distance of about 30 feet) there \lias low

efficiency in the 00 EMAT and high efficiency in the 90 0 EMAT. However, a

few rail lengths away, the 900 EMAT was exhibiting low efficiency over a

comparable distance (bet\lleen ties 630 and 606) while the 00 channel had
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Figure 23. Examples of low efficiency rail inspection (Section 10,
Ties 704 through 600).



c.

acceptable efficiency. By collecting data similar to Lhat shown in rig. 23

over all of Section 10 at FAST, it was possible to construct a graph to show

the statistical distribution of low efficiency rails in that section. This

graph is presented in Fig. 24 which displays the percentage of rails that

exhibited an efficiency lowered by the amount indicated on the abscissa of

the graph. Note that all of the rails are represented in the data obtained

with the 00 EMAT but that 30 percent of the rails tested with the 900 EMAT

showed higher efficiency than the reference level chosen for this d9 ta set.

It is clear that the distribution of efficiencies is very broad for both EMAT

types and that about 10 percent of the rails have signals that are 20 dB (a

factor of 10) lower than a comfortable level. This is not so serious for the

00 inspection because the flaw information is contained in a signal drop of

more than 20 dB around bolt holes and split webs or heads. For the 900 EMAT

inspection, these measurements mean that the 900 channel gain must be in

creased by about 20 dB to be sure that small transverse, defects are not

missed in rails of low efficiency.

6.3 RECOMMENDATIONS

1. Although more than 80 percent of the rail length investigated

at TCC showed good to excellent transduction efficiencies, inspection of the

remaining 20 percent will require an improvement of the overall signal-to

noise ratio by 10 to 20 dB. This level of signal improvement can be

achieved without increasing the noise by introducing the following improve

me'nts:

a. Increase the transmitter power of both the 0° and 90 0 EMATs

by replacing the old transmitter circuits with more powerful

units that have recently become available commercially.

b. Replace the 0° EMAT DC electromagnet with a unit having a

larger iron core and hence is capable of delivering more magnetic

flux. Modify the 00 EMAT coil design to use this higher flux

more efficiently.

Install more efficient 900 EMATs that excite and detect SH

waves by the Lorentz force mechanism and thus avoid the loss of
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efficiency caused by low magnetostrictive coefficients in a small

percentage of rails. Such EMATs are currently under development on

other programs at Magnasonics.

2. The appearance of the strip chart recorder oufput should be

made easier to interpret by suppressing the fluctuuliorls introduced by local

EMAT efficiency variations. This can be ncromplished by:

a. Using the gain increases recommended above to keep LIIG base

echo and direct transmission signals well above saturutiun so that

the chart pens will stay at the center of the chart.

b. Add logarithmic amplifiers to the input of the strip chart

recorder so that the logarithm of the signal level will be plotted

on the chart instead of the signal itself. This will make the

chart read out in dB.

c. Actively reduce the galn during the time that the Direct

Transmission signal is under the 90 0 EMAT receiver. This will

allow the highest possible gain to be used when flaw echoes are

expected and make the normalization procedure more efFective.

3. After the circuit modifications listed above have been in

corporated and t~leir improvements in performance have been established, the

following additions to the system should be incorporated in order to make it

more acceptable for testing on commercial railroads.

a. Add the improved EMATs and circuits to the second rail. The

mechanical hardware and the data processing software are already

available for this extension of capabilities.

b. Develop experience and then software to make off-line analysis

of the data stored in the computer memory a practical tool for

rail inspection by NDT trained personnel.

7.0 SUMMARY AND CONCLUSIONS

This report describes the results of a two-year program to de

monstrate the advantages of using couplant-free, electromagnetic transducers
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for rail inspection on a vehicle that could be operated on revenue producing

railroad tracks by personnel trained in Nondestructive Testing. The final

product was evaluated by the NDT staff of the Transportation Test Center at

Pueblo, Colorado, who found that it operated well on 80 percent of the rails

in their tracks. To adequately inspect the remaining 20 percent of the rails

will require some improvement in transducer efficiency and data processing

procedures. Operation on the high efficiency rails demonstrated the

following advantages of using electromagnetic transducers (EMATs) combined

with computer control of the inspection process.

1. The utilization of EMATs permits:

a. Operation on lubricated or dirty rails without any special

preparation of the rail head surface and the elimination of a

need to carry a large supply of special couplant fluids.

b. Use of special shear waves that can give a more thorough

inspection of the rail head for transverse defects and the rail

web for vertical split head type flaws.

c. Capabilities for much faster inspection speeds.

d. Continuous monitoring of the quality of the signals in the

rails and the normalization of the data to make the inspection

results nearly independent of the coupling efficiency.

2. The incorporation of a simple personal computer permits:

a. Permanent, mass storage of the essential features of the

ultrasonic signals at each point along the rail.

b. Real time processing of the signals to present the operator

with a more informative and easily interpreted display.

c. Reanalysis of the raw data at different threshold levels to

expose and give detailed analysis to borderline cases in an off

line environment.

d. The potential for the development of pattern recognition

techniques that will ultimately allow the computer to make accept!

reject decisions.
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3. The inspection vehicle itself is ,I :;cl['-['[J1il~lillCd [r;till'l' Ih,1l

con be to\lled by any hiqh-rQil car along the hiqh\lf;ly or un llll' 1'.3i .l1'O;lcJ l rack".

It therefore permits:

o. [aeh Er~AT sensor to be supported by ils OIIJrl hydr<:llllically

operated carriage that can pass thrOIJgh frogs and Hwitches without

harm.

b. The position of each sensor relative to the gage face of the

rail head to be adjusted by a hand crank.

c. Both dc and ac pO\ller to be supplied by a motor/generator on

the trailer.

d. Portable display and control instruments to be placed inside

the to\lling vehicle and connected to the trailer through an umbilical

cord.
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APPENDIX A

EMAT RAIL FLAW DETECTION SYSTEM

INSTRUCTION MANUAL

I. TURN ON PROCEDURE

A. Check to see that the welder emergency kill switch (RED) is pulled

out, the DC magnet switch (YELLOW) is pushed down and the AC magnet switch on

the Control Box ~s up. The computer, printer, oscilloscope, strip chart recorder

and Magnasonics power supply (in electronic cabinet on trailer) should be OFF.

B. Lower the carriages onto the rail by pushing the yellow levers down

(ON) and pushing the directional valves to the down position. Make sure the

wheels are seated on the rail.

C. The transducers should be centered on the head of the rail by adjusting

the hand crank on each carriage.

D. Turn the welder on by switching the ignition switch to the RUN position

and depressing the start switch. In cold weather the choke may need to be pulled

out.

E. Turn on any power supplies in the instrument cabinet and then the other

instruments and the computer in the towing vehicle.

F.

C: Irail.

G.

H.

The computer will spend some time configuring itself and then display

Press RETURN after each command.

Type in PRTSCRN to activate the printer for graphics.

The computer will display a second C:/rail.

I. Type in RAIL. The program will load and display the ma~n menu.

J. Set the Monitor Oscilloscope controls on 1 volt/div. and 20 ~s/div.

DC coupled. Set the sweep controls to Normal, Ext. Trig., no delay.

II. FLAW INSPECTION SETUP PROCEDURE

A. After completing the Turn On Procedure listed above, switch the front

panel toggle switches on the Control Box to WINDOW and to CONTINUOUS position.

AC magnet switch should now be toggled down. A drawing of the front panel of
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900 R REC
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DETECT

o
CH I

WINDOW!
PK DETECT

o
CH 2

SYNC

o
WINDOW

o
PK DETECT

ODOMETER

o
CONTINUOUS

AC MAG

o
RESET

o

SIX POSITION ROTARY SWITCH - switches the different ultrasonic signals to Channel I
of the oscilloscope.

0°, 90° - ultrasonic beam angle (relative to vertical)
L, R - left or right hand rail
APP - approaching
REC - receding

10 TURN POTENTIOMETERS - control of the gain lD each ultrasonic channel.

BNC CONNECTORS - connection points for signal monitoring oscilloscope.

DETECT - CH 1: connection point for Channel 1 of the oscilloscope. Displays
the detected ultrasonic signal.

WINDOW!PK DETECT - CH 2: connection point for Channel 2 of the oscilloscope.
Displays either the window signal or the voltage level output of the largest
signal within the window.

SYNC: connection point for sweep trigger of the oscilloscope.

TWO POSITION SWITCHES - sets routing of various signals within the system.

WINDOW - PK DETECT: selects the signal to be displayed on Channel 2 of the
oscilloscope.

ODOMETER - CONTINUOUS: selects either the odometer or the internal clock for
triggering the entire system.

AC MAG: On!Off switch for the pulsed magnets.
RESET: Resets the computer to the beginning.

Figure A-I. CONTROL UNIT - EMAT Rail Inspection System
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the Control Box is shown 1n Figure A-I along with an explanation of the function

of each control.

B. Type 5 into the computer to select RUN THE SYSTEM. The computer

displays for each menu selection are shown in Figs. B-1. B-2, B-3 and

B-4.

C. Check the 0° signal by switching the monitor selector rotary switch

to OOL (See Fig"ure A-I). The 00 signal should be displayed along with the gates

(windows) for 00 ~ignals.

D. On a good rail section, set the ga1n knob (OoL) to get a full screen

base reflection.

E. Check the 900 signal by switching the monitor selector switch to 900 L

REC to monitor the 90
0

Direct Transmission.

F.
oAdjust the gain knob 90 L to get a full screen Direct Transmission.

,
G. The computer display should display both the 900 Direct Transmission

and 00 base reflection as a line going across the screen. If the DT for 900

is not being displayed on the fourth slot of the computer screen. reset the

switch on the front panel until the trace appears on the computer screen.

H. Turn the strip chart recorder on and place its controls in the 5 mm/

second. 100 mode. Check to be sure that the pens are in the center of the

paper.

I. If the pens are sitting at full scale deflection, the program must

be reinitialized by pressing the return key three times and then reentering

the program by typing in RAIL and. when the menu comes up, typing in 5 to Run

the System.

J. Inspection of the rail can now be done either based on an internal

clock (continuous mode) or based on the odometer (odometer mode). During the

odometer mode. the inspection vehicle must be 1n motion in order to generate

the trigger pulses that allow the computer to process the data.

NOTE: Be60~e teav~~9 ~he RUN mode, be ~~e ~h~ d~a you wa~~ ~o ~ave haD bee~

c.op~ed o~ a Mappy d~~R.. O~h~w;t!.le, ~he !.lY!.l~em w,[tt ovetLw~~e o~ ~he pJtev~ou.o

d~a 6~e!.l. To Jtem~~d you 06 ~~!.l da~geJt, ~he c.omp~eJt w~tt ~how FILE ALREADY

EXISTING a~d you mu!.l~ RESET !.lY!.l~em a~d go ~o Me~u 4 a~d ob.ocJtve D~9~af!.l o~

mo~~~o~ .oc.ope be60Jte p~oc.eed~~g.
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III. SETTING THE FILE NUMBER

A. The computer memory 1:-; subdivided into rill'S filut l'(llll;lill fill' cll'lulled

1 .., 0 d au trasonlC ~ngrlCll. amplltudf's for the a an 90 EMI\Ts \11\ cal'll s\'ctinll nf rail.

B. The marker pens on the far left and right edgL's of the strip chart art'

progranuned to indicate the file number associated with each section of the

chart. The number of deflections on the left hand pen shows the least slgn1

ficant bit of the file number while the right hand deflections show the most

significant bit. (Example: File number 47 will contain the detailed ultrasonic

data for the strip chart record that shows seven pulses on the left edge of the

chart and four pulses along the right edge.

IV. TO SET WINDOWS

A. Select No.3 from the Main Menu. The units to be used are microseconds.

B. Items I and 2 set the Delay and Width, respectively, of the 00 windows.

Usually only two windows are used; the first brackets the echoes from the head

and web that precede the base echo. The second window brackets are the base

echo.

C. Items 3 and 4 set the Delay and Width, respectively, of the 90 0 windows.

The first brackets, the Direct Transmission and the second brackets echoes that

follow the Direct Transmission.

V. TO SET THE THRESHOLDS

A. Select 3 from the ma1n menu. The following will be displayed on the

screen:

Input DT flag

Input threshold I through 9

Always keep DT flag = 0.

B. Only thresholds I, 3, 5 and 6 are used 1n the single rail inspection

system.

C. Threshold I sets the threshold for 0 degree reflections that arr1ve

1n the window preceding the base echo. A threshold setting of I corresponds to

~ 40 mV (a setting of 255 10V or full scale). If this threshold is exceeded

for two firings in a row, the strip chart recorder will switch from displaying

the base reflection to displaying the web reflection amplitude. There is no

threshold setting for the base echo.
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D. Threshold 3 sets a 90 degree Direct Transmission default value. If

the DT falls below the threshold 3 value, the threshold value and not the

actual value is used to normalize the flaw reflection data. In this way, the

computer will not have to divide by a number close to zero. Again, a setting

of 1 = 40 mV and 10 = 0.4 volts.

E. Threshold 5 sets a threshold for activating a strip chart recorder

pen to register the normalized 900 receding flaw signals. If the flaw thres

hold is exceeded, the strip chart recorder will switch from displaying the

Direct Transmission value to showing the normalized flaw value in volts, up

scale from the normal pen position. Normalization means that the flaw reflection

value is divided by the DT (or the DT threshold value if the DT 1S smaller than

the threshold). Since the ratio will normally be small, it 18 multiplied by

250 and then compared to the flaw threshold value. Thus, the strip chart de

flection D = 250 x Flaw Signal/DT Signal amplitude were 0.8 volts and the DT was

8 volts, then the normalized flaw value would be 1/10. The value to be compared

with the flaw threshold will be 25 times 40 millivolts per unit Or 1 volt.

F. Threshold 6 sets the threshold for the 90 0 approaching flaw signal and

uses the same logic as in E.

G. Once the values have been selected, hit RETURN and go back to the ma1n

menu.

V. TO DISPLAY DATA THAT HAS BEEN STORED ON THE HARD DISK

A. Select 6 on the rail program menu.

B. Input file number to be displayed. The first set of data will be dis

played. To advance to the next set of data, type any key. There are 5 sets

of data for each file.

While recording data, the file number is recorded on the strip chart re

corder marker pens~ The left pen indicates the l's and right pen the 10's.

Three pulses on the left pen and 2 on the right pen would be 23. Three digits

must be entered to select the data file number. File No.1 is 001, etc. To

return to the main menu, type "M" while the data is being displayed.
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VI. TO COpy DATA ONTO FLOPPY DISKS

A. Place formatted data disk in drive A.

B. Type in COpy RAILOOI.RAW A: for file No. I to be copied. (Type

002.RAW A: for file No.2, etc.).

C. Type in COPY RAIL???RAW A: and the computer will store the first

14 files.

D. Type In COPY RAIL02?RAW A: and the computer will store files 20

through 29.

VII. TO DISPLAY THE DETECTED SIGNAL OUTPUT

A. This operation does not need the computer except to choose the window

as described in IV.

B. Place the switch on the front of the Control Unit (Figure A-I) down

toward PK DETECT and Channel 2 of the oscilloscope should show a horizontal

line whose voltage level measures the peak amplitude of the detected, ultra

sonic signal in the window .
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APPENDIX B

Rail Flaw Detection CRT Display Menus
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Mn ruw Dn[ClIC~ POOGAAfd

-~~~-I
IIIIA!l¥ MIN il£!lU

CD
I

N

1. Ui~OutJ?Ut Ports
2. Set !l!indoo
3. Decide fBa~ characteristic
4. cRock on.disahle data interrupt
5. &n.1I1l the system
6. Dis~nay RaiR rla~ Data
1. Clock off

Enter select.ion Oil" <~lE1fURID to exit:D

Figure B-1. Main Menu.
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10:88

RAIL FLAM DETECTION PROGRAM

-~~~-I
IIlIADV HAl Ll IlEIW

Ui nd.mI card: Control card:
Port 1 (Output): 88988008 Port 7 (Input): 11111111
Port 2 (Output): 88008800 Port 8 (I nput): 11111111
Port 3 (Output): 88161169 Port q (Input): 11111111

Ana log Interface Card: Not Used Card:

GJ I
Port 4 (Input): 11111111 Port 18 (Input): 11111111

I Port 5 (Output): 89111100 Port 11 (Input): 11111111VJ

Port t) (I nput) : 11111111 Port 12 (Input): 11111111
Current data

1: 8 2: 8 3: 8 4: 8 5: 8 6: 0 7: 8 8: 8 q: 8
18: 8 11: 8 12: 8 13: 8 14: 255 15: 255 16: 255

Press 0 to output

Figure B-2. System input and output port signal values.
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18:89

RAIL fLAY DETECTION PROGRAM

-~~=--=:::':':'---I
IlIIADY AA IL2 l1ENU

1. 8 degree wind~ delay
2. 8 degree window width
3. 98 degree window delay
4. 98 degree window width

co
I

.j::-

enter selection or <return) to exit:1

Figure B-3. Timing window widths and delays.
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RAIL fLAY DETECTION PROGRAn-~~~--I
!Il£ADV HAlL3 nEnU

:::;J

I
V1

"0'

input dtflag:[D
input thholdl:l88
input thhold2:
input thhold3:
input thhold4:
input thhoIdS:
input thhold6:
input thhold7:
input thhold8:
input thhold9:

Figure "-4. Alarm threshold settings.
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APPENDIX C

Examples of strip chart recordings and computer printouts at

various small flaws in Section 10 of the FAST track.
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Response of 90
0

EMAT to a flah l ill tile' lleLld of the rail at Tie 463 near a rail end.
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Figure C-3. Response of the 90° EMAT to d J percent transverse defect at Tie 479.
Flaw detected in both the approaching and r~c~ding channels.
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Figure C-4. Response of the 0
0

EMAT ChallllL'l to a field weld at Tie 703. Tile
strip chart record displays a similar weld ,It Tie 693.
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Figure C-5. Response of the 0" U\XI' ,'klllLll'l to two Iioles drilled in the \"eb of a rail.
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Figure C-6. Response of the 0
0

EMAT channel to d row of bolt holes on either side of a rail
joint. Bolt hole No.2 appears larger tlldn normal and hence may be cracked.
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Figure C-7. Response of 0
0

channel to the bolt holes and joint at Tie 580. Bolt hole
No. 5.appears to have a crack.



,~

Tie 724, Section 10
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Figure C-8. Detection of an echo in the GO ENAT channel that was associated \virh a
head-web separation at the joint near Tie 724.




