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The phy51cal pr1nc1ples and technlques of magnetic and ultrasonic flaw
detection in rails are given. The intended use, working prlnclples and layout
of various rail flaw detector systems and the procedure for working with-them -
are described. The methodology of rail inspection, both in the field and at
railwelding facilities is also descrlbed The, repair of flaw detection equip-
ment- on the railroads is examined. - ’ ' ' '

The book ‘has been approved by the Chief Administration of Educational
Institutions of the MPS (Ministry of Railroads) as a textbook for rail trans- -
portation technical schocls and by the Academic Council of the State Committee

of the USSR Councll of Ministers respons1ble for professianal-technological. = .-~ -

education as a manual for individual-~team instruction production workers. It
will be helpful to track facility workers ,1nvq{Yg§¢1nPthqJ;pspect;on.of_rails;»«

2h§ figures, 19 tables, 16 entry bibliography

Book written by

-~ Gurvich  Ch. 5; Ch. 9, Sect. 1, 2; Ch. 10, Sect. 1, L.

. Kozlov = Ch. 6, T and 8. . . _—
Krug Ch. 9, Sect. 3, 5, 7, 85 Ch. 1o ‘Sect. 2, 3, ‘and 5
Kuz'mina Ch. 9, Sect. 6; Ch. 11.

Lysenko °~ Ch. 1; Ch. 3, Sect.’2, 5; bl 12 and 13

Matveev Ch. 23 Ch. 3, Sect..1, 2. = .. .

Uspensky ° Ch. L, Co B

HEHEOQSP
HEERHPeuUR

ii



TRANSLATION EDITOR'S PREFACE

This book was furnished by Soviet Railway to a éroup from the United
States of America which was sent to the Soviet Union to investigate the state
of rail flaw detection in that country. A separate report of that trip is
available (Becker, F. L.,."Trip Report, U.S. - U.S.S.R. Rail Inspeotion Informa~
tion Exchange, August 24, - September 1, 1975", Department of Transportation,

' Transportation Systems Center, Cambridgé, Massaohusetts, 02142, DOT-T5C-9L49,
BNW 2311102378 Battelle/Paclflc Northwest Laboratorles, Rlchland Washlngton
99352, December 1975)

In using this book, the>reader'must be aware that it was writtoﬁ'to be a
complete textbook for all persons engaged in'uitrasonic rail flaw detection in
the Soviet Uniontl Beoau?é of this, much of the information, such as the complete
oesoriptions'of-the electronio circuits,'fu%lv@gintaiﬁancé instructions, ete.
may bo of little interest to American readers. ‘And; SOﬁe‘of“thé’sﬁecific ultra-
sonic inspection techniques hove been ﬁfeviouély_trané;ated'and reported in the
iiterature.

" In spite of this, there will be mucﬁ information that will be of interest
to the American reader._ One must be 1mpressed with the depth and breadth of
the utilization of ultrasound for rail flaw detection on Sov1et Railways.

The ‘editor's intent has been to assist the translator in choosing words
and phrases which correspond to terminology used in the United States. Hope-
fully, this will assist the reader in understanding the original meaﬁings of

the Soviet authors.

Don E. Bray
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INTRODUCTION

The rapia rate at which the national economy of the Soviet Union is
developing is Bringing about significant increases in the 0oiume of loads
transpdrted by rail, the further growth of the speed and density of freight .
traffic on the railroad trunk lines.

' The eontiéued development of rail transportation being brouéht about in
compliance Wit? the directives of the XXIV session of the CPSU (Communist
Party of the Soviet Unipn) in accordance with the five-year plan for‘develép-'
ing the USSR's national eéonomy for the period 1971-T5, based on technoiogi—A'
cal progress, an£icipates, among 6tﬂer things, the introduction of the most
.progressive designs for the upper t;ack strﬁctqre, particularly jdinﬁless
track, and of heat processed rails. “

Rails are the most impbftant element of & line of track. To a great
degree, insuring the necessary speeds and safet& of frain ﬁévement dépends
on their condition; |

One of the g?fective meanévfor monitoring the condition of rails’is_the'
flaw detectér; the use of ﬁhich permits the timély detection of rail'flaws
when théy are Weided at rail Welding facilities and when they are in use on.
the iine.nn

Flaw detectors, the 6perating princibles of which are ba;ed on the use
of magnetic and ult}aéonic monitoring ﬁethods, aré used‘for defectiﬁg flaws
in rails. _ ' .

The development of domesticvrail flaw detection broceeded by creating
special%zed instruments. Each instrumeﬁt solves a part of the overall prob-
lem, i.e. not detecting ail posible flaws, but only definite types. The
création of the universal,:high—speed flﬁw detector!is a current problem still

awaiting solution. .



As a result of the large amount of work accomplished bj the All-union
Scientific-Research Institute for Rail Transport (TsNII MPS)¥*, the Scientific
Research Institute for Bridges of the Leningrad Institute for7Engihé€fsETdr?
.. Railroad Transportation (NII mostov LIIZhT), the Institute of Metal Physics

ofﬁthe»USSR»AcadémW of Sciences and the;Siberian~Instituté'fbf Ajpliéd'PhYSics
(SEEI))in;constructive;cooperatioh‘with‘fhefAli-union Séientific: Research™”
Institute for Non—destructive Testing Proceedures (VNIINK)‘hnd”b& production
‘workers and railroad workers,‘traveling removable’ flaw defecﬁbré,'pofiable
flaw detectors for rail monitoring in réil»welding“facilitiés;'éﬁd high-speed
- flaw detector ca?s were created and introduced.’ .

: The quality of rail monitoring, in the case»of-multi?le'ﬁéageﬂbf&fhé‘%ﬁ
indicated flaw detector types, depends ‘to a great degree onithé'éorréct;oféén—
ization of this work on the rail sectors and ovér the line as éfﬁﬁbiéffiThié
is imposéible without studying the existingbrailvflaw detéction procedures
and the équipment used from all sides ‘and depth.

This\collectiQe work reveals'the contemporary state of the techqology of
flaw detection in rails as related to rail transpoftation.

Significant additions and changes in connection with the development of
the theory and practice of rail flaw detection over the last few years have
been included in the third edition. The sections illuminating the physical .
bases of flaw detection procedures have been significantly broadened and sec-
tions on the standardizatiqn of ultrasonic monitoring p;actices, and the desé
cription of.the equipmeqt and procedures for usihg the neﬁ ﬁypes of flaw detec-
tors which have found widerspreﬁd applicetion in rail transport héve‘been intro~

duced. In preparing'the third edition, the authors took into consideration

¥Central Scientific,Researph Institute, Ministry of Railroads.

2



. the experience gained from the use,andvrepairiof-rail flaw detectors on the
lipeland\in,rail welding,facilities.
Matepial in the book has been set’.out teking. into.consideration fhe know-
. ;e@gg of;thg,bgsics‘of_physics, electroteChnology and radio technology posses-
sed by. the students within the curricula of the:Railroad Transportation Minis-
try‘s,;echnicél schools.
The authors wish to express thanks to A. I.tVorob;ev, candidate of tech-
,,nolo§igal §giepces and lecturer. at the Novosibirsk Institute for Rail Trans-
port;tion Engineers; and to the teachers of thé~"Dortekh" School No. 1 of the
Sverd;oysk.rgi;rgad, B. P. Dovnar, L.-P.'bl'shanskaya; and V. A.'Shcherbinina,‘
hAyhgse‘gggqmgnQafions and comments were taken into-consideration when preparing.

@hevmapqscrépg of the text for publication. .:.- ..



I. Servicing the Rails in the Field. .

1. Rail types and markings.

A rail is one of the most significant;elemepts of the upper structure of
the railroad track. Train safety is'determined'first of all by the reliable
functioning of. the rails. Rail rolling began in the'beriod 1839-43 in Russia.
Puddled iron was used for rolling. As a result of the softness of this metal
and the presence of a large quantity ofAslag in it, the rails were very quickly
knocked out of commission because of erushing and fracturing.

The first steel rails were laid in Russia in 1866.

As railfoad transportation developed, with the increase in the load on the
rolling stock axles, in train speeds.and in the freight traffic density on the
railroads, the weight of the rails inereased, the dﬁality improved and the rail
profilés were being perfected;

It is necessary +to note that the metal industry developed iﬁ all parts of
the world in close connection with the construction of raiirogds? particularly
with the manufacture of rails.

Over the bast twenty years, radical changes have taken place in the rail-
- road economy of our country. Up to 1940, the I-a rail, with a weight of 43.6
kg/m was the heaviest rail on the main lines. In i9h8, mess-production of the
RSO rail began. In 1953, the R65 rgils were being réllea.and in 1958, an
experimental lot of RTS5 rails was already prepared.

One of the iﬁportant undertakings fo improve the reliébility and longivity
‘of rails was the introduction of oil quenching of the fail»over its entire
volume, the surface hardening of the rail head and other new heat processing
meéns at the rail mills.

Each rail produced by a rail-rolling mill is marked, which facilitates

p)



the monitéring of rail quality while in production and during their fgrﬁhey,
service on the line.

The following ordef for rail merking has been'establishéd:n o

1. The following signs (Fig. l) are stamped on the web of each rail ipzrqised

'.1etté?5 not.less_thAn 20 m@ high during the_rollihg process:

a) the mark of the manﬁfacﬁﬁrer, e.g. KMK (Kﬁzneﬁsk}Metalurgiéal<Combine);

b) designation‘for the fype~of sfeel, e.g. M (Siem¢n§-Martiprstéel);

c) the year and month the_réil was manufactured, g.gﬁ-l9§0 gy V (May ,
1960) 3 -

d) the rail type, e.g. R50; and L

") & mark for the type of heat processing, e.g. Z-0 (Délgyed cooling).
Thé notations mentioned in points a) . through e) are rolled at four or
five places alqngAfhe length of the rail. |
2. At‘é'distance §f one ﬁetef from fhe.end of the.réi;; and at two to five
- places along its length, fhé.ﬁelt ﬁumber and4£hefordingi number of fhe rail

are stamped, the number 1 being stamped on the.web of the first (lead) rail.

White paint

M 1960 N _Rison»z-o 1§6552-2 |

Yellow paint

Pig. 1 Rail Marking . .

As thé rail is finished, thé melt mimber &nd the drdinal rail nimber are
stamped on the butt-end of the base and web respectively after it is cool.
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3. Rails with hardened ends are marked on the butt-end of the base with the
letters KZ. ™ - |
In addition to the markings indicated, conventional gimﬁoiéfafé made with

white, red,,dé%kﬁﬁiéé,fgfeéﬁ;ﬁaﬂd yélloﬁ'&ilﬁﬁéiﬁté.; Tﬁis‘éﬁﬁpiéﬁéntary mark-
*“iﬁé indicates the falléwing: firgs quality rails are ‘marked by painting the

outline of the ﬁﬁftéénd of the head with ﬁhité ﬁaiﬁtidsééSnd:Qualifﬁ rails
"m”aré'mafkéé‘b&.paiﬁtfﬁg‘thé'buttéend of the web aiid base witﬁ'fédlﬁainf; rejected
raiié:infeﬁded'}o;ﬁihdﬁétrial uéage are maried’b§ ba{ﬁtiné:thé‘éntire butt-end
of the rail with &érﬁ-biﬁe'paiﬁﬁlf A'white étéipé;204houmﬁ wide on the surface
and on the sides of the rail head 150-200 mm from the butt-end denotes a rail
with hardened ends. Hard rails are denoéed b&“paintingbéhe tép suffaée.of the
base for a iéngéﬁﬂoé'ﬁotlless‘fﬂén'éob mﬁ‘ﬁith'yeiibw paintl |

BT oot oW LT

A

—-117
. S o e
- . e 4 L T
. B 1 - ‘__"G . ! i 13 i
: I == R .
; /?50:4’43';1};0;1.7-a;m-a;17-a T T TN c

g, ek

Fig. 2 Outlines of domestic rails

' P S 2 N S T
First class rails which“hfe completely hardened have the outline of the
butt-end of the head painted green.and g green stripe is painted along the
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head and web at a distance of 1 m. from the end. The outline of the butt-end

of second quality fully hardened rails is painted yellow, with the same green

stripe which designates second quality rails.

On the web and the head of sufface—hardened'rails, two stripes, red and

green, are painted 1 m. from the bﬁtt—end.

A wreﬁéh and hammer and a hammer and sickle stamped near one of the ends

of the rail are the marks of the factory inspector of the Mein Administration

for Material and Technical Supply (GUMTO) of the Ministry of Railroads,

signifying technicai acceptability of the rails at the rail plants. Cross-

sections of domestically produced rails are presented in Fig. 2, and.the mark—

ing elements and basic rail dimensions in Tables 1-3.

Rail Markings Table 1
: Plant Rail Markings .
Rail-rolling Mills Pre-revolutionary | Post-revolutionary | Currently
Kuznetsk Metalihrgical - KMK K
‘ Combine
"Azovstalt" - " Kerch. GMZ A
Novo-Tagil'skiy - NTMZ T
Enakievskiy ' RBMO - RGZ
EGZ EGZ
o 06Z . -
Im. Petrovskiy AYuRZBO GZ and TP P
Im. Dzerzhinskiy YuRDMO Yugostal' DGZ .
Stal' DGZ D
Nadezhdinskiy Nadezhd. BGO "Nadezhd. NKMRT -
The Metallurgical Co-
Plant (Don Basin) Yuzovsk YuGZ USSR -
Yugostal!




Table 2

Basic rail dimensions in mm (cf. Fig. 2)

: o 8 i
g > .
e H B a b c d m n k V4 q
- R75 1192 160 { 48,5 | 75 20 88,56 96 | 220 | — 30 38
© RG5 [ 180 150 [ 45 75 18 78,5 | 95 | 220 36 36

R50 1152 132 | 42 70 15,5 | 63,56 | 66 150 | 140 27 35
R43 [140 114 | 42 70 14,5] 62,6 | 56 110 | 160 25 33

I-a | 140 125 | 44 70 14 60,5 | 356 110 | 160 | 25 33
I-a 135 114 | 40 68 13 159,656 &6 110 | 160 25 33
Il-a | 128 110 | 37 60 12 57. 56 110 [.160 | 25 33
IV-a [120,5]| 100 | 40 58,51 12 51 56 110 | 160 | 23 31

Continuation
Weight of| Cross- Distribution of metal 5 cx
;:,g‘ one sectional | based on rail profile, cm
g »|running my ar 2
e k. 1 area, cm head web base
R75 75,10 95,80 21,00 27,30 37,50
R65 65,08 83,12 28,36 23,96 30,80
R50 51,514 65,80 25,45 15,64 24,71
R43 44,653 57,00 - 24,40 12,20 20,40
I-a 43,567 55,64 25,55 10,73 19,36
l-a 38,416 49,06 22,27 9,72 17,07
1I-a 33,48 42,77 18,39 8,51 15,87
IV-a 30,89 39,45 - 17,71 9,35 12,39
Rail Length Table 3
Length of rail, m.
Rai S
il type Normal l hortened

) for curves

R75, R65, R50, R43 25,0 24,96; 24,92; 24,84;

R30, R43, I-a, ll-a, Ill-a, IV-a 12,50 12,46; 12,42; 12,38

NOTE: VThe numerical indicator in the rail type designations, e.g. RSO0,
indicates the rounded-off weight of one running meter of rail in kg.
mé."ﬁbrmal'working\condifions 6f rails in track.

When trains are in motion, diverse forces act on the rails, causing
significant stress and deformation in them. The ﬁagnitude of these stresses
may vary sharply, depending on the condition of the track, the tread area of
the rolling stbck wheels, the action of leaf springs, etc. The most common
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cause of all possible types of rail damage is unsatisfactory routine maintain-
ance of the line (spikes poorly driven, poor quality Jjoint maintainance, the
presencé of impacts, places where the track is out of alignment, and poorly
anchored track), sharp deviations of the track position in plan and profile,
and other track deficiencies.

"Timely prevention of disorders and defects in the track is the primary
condition for normal rail operation.

Care of the rail beégins from the moment they are loaded and unloaded
from the -platforms. When rails are carelessly unloaded and when they are
tossed from the platform, the rails are frequently subjected to blows and
bending, as a result of which dents and scratches in the metal, subsequently
developing into dangerous'éracks, appear on their surface. It is also neces-
sary to ?rotect the rails from blows from spike hammers and other track main-
tainance equipment in the process of servicing, inasmuch as sharp dents on
the edge of the base or the rail are often the origin of transverse cracks in
thesé‘places;

Normal rail operation may be guaranteed by observiﬁg all of the technical
rules for laying track and maintaining them while in use.

Rails are removed from the track either due to excessive wear occuring
over s period of several years,  -or when cracks which are dangerous for rail-
road traffic are detected in the rails.

The rgil head is subject to the greatest wear since the wheels of the
rolling stock move directly over it. Rail head wear takes place as a result
of simultaneous wear and compression of the metal. - The rail head wears due
to friction of the tread of the wheels when passing over the running surface.

The high effectiveness of rail lubricants has been demonstrated by obser-
vations conducted over several years as well as. the experiences of domestic
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and foreign rail lines. Lubricating the rails on curves decreases the inten-
sity of rail wear by 3-U4 times and significantly increases the miieage between
the times when the wheels must be reprofiled. ’

Compggssion is observed in rails prepared from soft steel, the deforma—
tion of the metal extending to great depth. The layers of metal on the suf—
face and inside the rail ére displaced, i.e. the rail steel flows. As a
result of this, the rail is crushed and loses its original form.

On track sections where there are tight curves or steep descents or
grades, the rails wear awaj significantly more quickly than on the straight-

. aways. |

‘Under the influence of the compression forces from the tread of the -
rolling stock wheels, the metal on the running surface.of the rail head under-
goes significant changes: the grains of meﬁal are fTlattened and become very
hard. Such an increase in the hardness of a metal is called 'work hardening'.
Due to this work haraening, as the length of time the railé have been in-
service increases, the intensity of their wear gradually decreases.

Work hardening of the ruﬁning surface along a iength of rail may be
uniform or non-uniform. The utilization of fiaw detectors is significantly
more complicated on rails having non-uniform work hardening.

Rail resistance to wear mayvbe increased by har&ening;‘ The hardness of
the metal on the surface of the rail head is significantly increased with the
hardening process. The depth of the hardening may reach 5-10 mn.,
~ = New rails are immediately hardened at the mill, the rails being hardenéd
. -along the entire length or just at the ends. Rails which, are hardened along
"the entire -length ét the mill are éubjected to reheating. Their ends are

hardened after a high fz;equency current pre-heating. Bulk rail quenching:

along the entire length is carried out by submerging the entire rail in a
' 11



special oil bath. Surface hardening along the entire length is carried out
by submerging the upper portion of the rail head in water, by spraying water- .
over the head surface, or by blowing moist, compressed air over the rail head.

3. Classification of rajl fractures and flaws.

The causes of fracture and flaw formation in rails. The most important
railroad parameters upon which rail failure from fractures and other flaws ;;
depends to the greatest degree are the gross tonnage transported along the -
rails, axle load of the rolling stock, and the speed of the trains.

Rail failure due to flaws and fractures also depends on the time of the..
year: it is minimal in the summer, increasing in the autumh, and reaching a -
maximum in the winter (associated with an increase in the brittleness of thé
metal as the temperature decreases). The greatest number of rail failures
occurs in the months of lowest temperatures. A second maximum for rail faile
ures comes in March in the European USSR and in April for the lines in Siberia
and the East. This maximum corresponds to the time at which the ballast thaws,
and is conditioned by the spring-time period when the tracks are in the great-
est need of repair.

Depending on the plan and profile of the track, the greatest rail failure
from flaws is observed on grades or descents and on the curved sections of the
track. The greatest quantity of flaws in rails arises in anchored rail on
small radius curves.

The reasons for fractures and flaws arising in rails on the line are
extremely diverse. Lengthy observations and study of the conditions for rail
operation have permitted several generalized causes to be established. They -
may be divided into two groups: operational, e.g. the unsatisfactory condition
of the track or the rolling stock, and manufacture, e.g. the presence of flaws

originating when the rails are being manufactured. The unsatisfactory condi-
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tion of the line or the rolling stock promotes an accelerated rate of failure
due to manufacturing causes.

The most commonly encountered types of flaws and rail damage and the
reasons for their appearance ﬁnd development are presented below,

1. Flaking and pitting of the metal on the running surface of the rail

head (Fié. 3) appears primarily because of inadequacies in rail manufacturing
technology. As the rolled rail cools, cavities from gasses which did not
$escape are formed throughout. Such gas cavities are both inside the ingot

and near its surface. When the rails are rolled, the cavities situated right
at the surface of the ingot in many cases emerge onto the rail surface in the
form of so-called hair-line cracks, overlaps and scabs. These flaws, unnoticed
when the rails are accepted at the mill, lead to the formation of flaking and
pitting of the @etal on the running surface after the rolling stock has begun
to move over the rails. This type of rail damage is'easily detected using

“the usual (visual) inspection methods.

2. Pitting of the metal on the gage-side of the rail head (Fig. 4)

arises basically because of inadequate contact strength in the rail owing to
contamination of the metal by non-metallic inclusions extending in the direc-
tion of rolling in the form>of mechanical fibering situated at a depth of

-3 =-8.5 mm below the running surface. The microscopic cracks which originate
in these places propagate slowly (fatigue related) in the form of oval spots
which become longitudinal slanting cracks. While the rails are in service,
the upper metal layer over this crack undergoes a second period .of work hard-
ening, and ‘it pits. This type of flaw is most frequently observed on the

" gage side of the rails on the outside line of the track on curves. ~In the
'initial stage of development, these flaws may be detected using an ultrasonic
flaw detector,; and at later stages of development, by external observation.

13



37 Samples of flaking and pitting of the -metal
.on the running surface of the rail head.

Fig. 4 Metal pitting on the gage~side of the rail head.

3. 'Engine burns and thermal cracks in places of wheel slippage”(fig.’5)
are obsérved primarily on rails lying in front of entry signals on tracks by"
a stdtion, especially near the tanks where water is taken on, and on sections

of the track where braking is required, etec. - ' e
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When starting off or braking sharply, the wheels of the engine and cars
rub against the metal with great force and, as a resalt, an intense heating
of the surface layer of the rail metal takes place. Because of the high

thermal conduct1v1ty, the heated surface layer ‘of the rail head cools very

quickly and hardensu Thermal cracks form on the runnlng surface of the rail
- head because of the sudden hardenlng As the ralls-remaln in service, these
cracks gradually spread to the interior of the rail. Bedng very fine, theyf
serve as a source for sharp concentrations of stress. Given the impact effect

of the wheels, especially at low temperatures, rails with this type of damage

fracture easily. Such rail flaws are easily detected by external examination.

Fig. 5 Engine hurns;and thermal cracks ih:places of wheel slippage.

L, Pitting and flakihg of the metal on the running surface in the worked

layer of the rail head'(fig.a6)'ariseAin the metal because of unsatisfactory

hardening. Here, sections with a metal structure having great hardness and
brittleness, or local, non-uniform changes in hardness from hardened to non-
hardened metal;jare'formed in the worked layer. The effects of €ﬂé wheels of
the relllhg stock on the ralls forms plttlng ahd‘flaklng in, these places. A
51m1lar%type of da@age.may take place near the rail ends because of. ppor..face

hardening.. A;Weldﬁjoiht.of unequal strength between the.weldfapdﬁtheﬁparehtﬁ

metal leads to pitting or to the separation of the welded layer. . . ..
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This type of damage is detected by external examination and by ultrasonic
flaw detectors.

5. Transverse fatigue spots in the head (in the form of light or dark *~

spots) and fractures because of them. The internal transverse fatigue crack’
in the form of a light or dark spot must be considered the most dangerous?'
type of rail flaw., The particular danger of this flaw is conditioned by the
fact that it originates and propagates inside the rail head, without aﬁy
external signs. Even when this crack emerges onto the surface, it is almost
impossible to notice it. The danger of this flaw is heightened even more by
~the fact that such cracks may origiﬁate simultaneoﬁsly in several places in a

rail, as a result of which the rail fractures suddenly into many pieces under

“the weight of the train.

Fig. 6 Pitting and flaking of the metal of the running
surface in the worked layer of the rail head.

Theré'are two primary reasons for the formation and propagation of trans—

verse fatigue cracks. The first is the presence of microscopic shatter cracks

~

(flakes) inside the head which are usually situated at a depth of not more

/

than 10 mm from the running surface of the rail. //

‘

The flakes are grainy shatter cracks from which fatigue cridcks propagate
radially under the influence of the load from the rolling stock (fig. T).

16



There is a particularly large number of such shatter cracks in réils which
were not subjected to delayed cooling or holding in special furnaces after
rolling, or which were subjected to such processing, but with violations ofl
the technical conditions. ToAavert the formation of flakes, all rails undergo
delayed cooling in special boxes at the rail manufacturing plants. For this,
the railé are cooled to 528-5h00 C. 6n racks after rolling and cutting. At
: fhe indicated temperature, the steel takes on magnetic properties, which per-
mits the rails to be placed in specially insulated thermal boxes with the aid
of magnetic cranes. The boxes are closed with thermally insulated covers and
remain covered no less than teﬁ hours. During this time, the gases which had
not previously escaped, primarily hydrogen, succeed in evaporating (diffusing),
since at this temperature the rail metal -still retains its plastic p?operties.
Loading and unloading of the boxes is necessarily done with care to reduce the
bending and the cold* iruing to a minimum.

As a result of operations associated with del&yéd cooling, flaking“is

very seldom encountered in rails manufactured in the USSR since 1949.

)

Fig., 7 Transverse cracks in the rail head .caused
by flakes and gas bubbles.
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" Fig. 8 Transverse cracks in the rail head originating from
inadequate contact fatigue strength of the metal.

The second causé for the érigination and prépagation of traﬁéverse
cracks is not associated with the presence of flakes in the rail head. The
beginning of these transvefse cracks (fig.-8) originatesvfrom undeveloped,
internal, longitudinally oblique cracks arising from the large contact strésses
experienced by the running surface Qf thé;?ail head as a result of the effegt
of thé wheels of the rdlling stock. |

Transverse shatter cracks develop from those longitudinally obliqge
cracks which are in the zone of residual tensile stresses at a depth of from
2-8 mm. Transverse fatigue-cracks originating due to high contact stress
develop primarily on the gageAsidé of the rail head. The.overﬁhélming majority
of cfacks‘ofiginéﬁing‘frdm the preséncé of flakes propagate from ‘the fieid side
of the rail'héad.

TransveFse fatigue cracks have an elliptical form at the étért'ofltheifiﬂ

propagation, then ‘they take on their ‘own configuration, which ‘approaéhies thé

5oxle- oy
EOCRORCEE S L VPR S

outline of ‘the rail Head in profile.
Tn fhe fracture, thé surface of these spots is light ahd'éiiéérﬁf’%ﬁiéh”'

distingiishés it from“the remaining grainy fractiure of the rail.” If & similar

o

—
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crack emerges onto the surface in the course of development, air comes in con-
tact with it, and, upon oxidizing, the surfaces of the crack grow dark. In

the fracture, the surfgces of such a crack haﬁé the'shapé 6f'dgkaspots.

Fig. 9 Transverse cracks in the head as a result of
mechanical damage by wheels with flat spots.

Fig. 10 Transverse cracks in the head from blows with a track
maintainance implement or one rail against another.

When'examiningAthe rail fractures from the indicated,flaws,<it‘is easy
to determine the cause from’which one or another fatigue spot develqps: On )
thé;surface of sfots developing from flakes, flakes<in the fqgm.qf~rqund;
grgipylshatter cracks will be easily visible.‘>0n the surféce‘of fractures
from cracks which developed because of highlgontgqt'strgﬁs,vpge line:ofmthe
loggitudinally oblique crack will be visible in the rail head. On th§ surface

of the transverse fatigue crack which resulted from contact fatigue stress,.
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the initial shatter cracks (flakes) in the metal will not have visible centers.

6. Transverse cracks in the head as a result of blows from wheels with
- - §

large flat spots, track maintainance implements, and oné féil against another
(fig. 9, 10) develop because of Qarious types of mechanical damage arising

as Wheels with large flat spots pass over the track5ifrom blows to the tfack
head from track maintainance implements, or blows.froh knocking rail against
rail, etc. Nicks which are stresé concentration points éppear on the running
surface of the rail, and these may serve as piaces for the formation of cracks

even under nbrmal loads. The crack develops rapidly and leads to rail fracture:

Fig. 11 Vertical splitting of the rail head.

/

7. Vertical splitting of the rail head ané web (fig. 11, 12) represents
one of the groups of dangerous flaws. The vertiéal.cracks mosf often arise
in the inner part of the head and may be found both on the ends of the rail
as well as at any place along the length. Similar cracks are frequently deteg=
ted in the rail web.

The présence of residue from a shrinkage cavity, contamination of the
metal by non-metellic inclusions, and the build-up of harmful mixturés of ~
phosphorus and sulphur.in the metal aré the basic causes of splitting ih”fhéi
rail head  and web. These factory defects ‘are primarily characteristic of
lead rails, i.e. rails cut from the ﬁop'éﬁd of the' rail sfock;'correspondih27

to the upper part of the ingot. - :
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Fig. 12 Vertical splittihg of the rail web.

Vertical splitting of the ﬁead frequently arises dﬁring the first years
of service on the line. This flaw is relatively eaéily detected by a dark )
band on the runniné surfacé. As a resulf of fhe effect of the rolling stock
wheels, a shiny longitudinal band forms on the surface of the rail head. If
the rail is sound and has no internal vertical crack in the head, the funning
band will be the same color over the entire length and width of the rail.
_Wiﬁh the rails maintained at the proper cant, this band passes down the center
of the head. If, on thé other hand, there is ;n internal vertical crack in
_the rail head, a dark stripe, which is sharply distinct on the silvef running
_ band, wil; appear above this crack. lIt may be easily detectéd by the naked
eye. , |
Formation'of the dark stripe over the vertical crack is explained by the
factAthgt,when;the wheels roll alqng'the rail, a thin layer of.mgtal is com-
presse@ overvthg‘crack, under‘the preséurevgf_thg wheel trgadP and a long
groove in theAform of a dark band.éppears on the surface of the head. In

additiop, the rail head will be broadened in this place when a vertical split

is present since the surfaces of the crack separate and the crack becomes
21



wedge shaped from pressures from the rolling stock wheels.

Films of crushed metal under which longitudinal cracks are detected are
sometimes observed on the dark band where the head expands. The development
of such flaws-is aécelerated when the line is not maintained satisfactorily
(the presence of plaées ﬁhepe the track is out of alignment, as well as improper
elevation of the. outside rail on curves).

In the initial develdpmentIStage, such flaws are detected by flaw detec-
tors, and when they emerge onto the surface, they ma& be detected by external

examination.

"Ta. Horizontal splitting of the rail head arises and develops principally

in the center portion of the head (Fig. 13). ThlS type of flaw is observed
both at the Jjoint and along the entire rail lengﬁh
Along with contamination of the metal with non-metallic inclusions, the
presence of gas bubbles and flakes extending along the dlrectlon of rolllng
-1s the prlmary‘cause of horlzontal spllttlng of the rail head.
Such defects are primgrily detected by flaw detectors. Well-developed

horizontal cracks may also be detected upon external inspection.

8. Lbngitudiﬁai or oblique cracks in the web from the bolt or other
holes (Fig. 1L4). As is known, the Joint section is the least durable part
of the rail. At the same time, this portion of the rail is subjected to the
greatest effect from impacts from the rolling stock wheels when they pass
across the joint clearances. On rail sec£ions where the rail joints are
poorly maintained, where there are impacts, spillage, sagging of the rail
‘ends, abgormal Joint clearaﬁces, brokep cover plates, or the nuts of the jqint
bolts not being snuggly tightened, etc., the stress in the Joint seqpiqgs pf .
the rails 1s several tlmes greater than at well-maintained 301nts. Exgeption—

ally hlgh stress arises around the edges of the bolt holes..
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Fig. 13 Horizontal splitting of the rail head.

Shatter cracks caused by the boring'proceés‘ana corrosion accelerate

the crack formation process.

Fig. 1k~ Oblique.or longitudinal cracks in thé web from
¢ the bolt and other: holes. - - . C

Experiehée shows that in all insﬁanées‘where thé‘joinf‘portidn of the
rail fréétures,'an’oid‘éraék SerueS'as'thé‘begiuning of the fracture. 'By

PR

'old ‘erack' we have in mlnd the area of gradual propagatlon of a fatlgue

crack Which ras éﬁﬂjééféd:fo'carrosiéu. & crack in the butt-end of the rall

¥

under ‘thé head grows Pirst along the web in the flllet and then, at a dlstance

i

of 50-60 mm from the butt—end 1t turns upward at ‘an angle to thé‘rolllng sur-

L

face of the rail head. This leads to a:biece of the head splitting off.
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Cracks passing through the bolt holes always begin in.definite“places near

the surface of the hole and run along the web at an angle of approximately

PN

45° to the longitudinal axis of the rail.

%

The number of rail fractures at the joints depends significantly upon

the length of service of the rails. In the. first years bf-raii service,

:

fractures at the joints are very rarély encountered. With an increase in

%

the period of service, this type of flaw becomes ﬁore wide-spread; for oldf"

rails it is the most typical. , ‘ . =

A sharp increse in rail failure due to jéint fraéturéé isjobsefved in
the springlwhen the ballast is thawing out, as Weil asﬂin-tﬁe fali when the
ballast freezes. On curves, flaws in the Joint‘séction’of the rails develop

more often in the inside rail.. On sections with two tracks, flaws arise

B

primarily on the receiving rail end. Cracks and splittihg are most frequently

encountered up through the firsf»boltvhole,f Splitfing-bff>ofﬂtﬂe rail head

along a crack beyoﬁd the bolt hole is the‘next mosf frequent flaw'type.
Timely detection of cracks in the joint area of thefrailsi%ifhin the\

boundaries of the cover plates has great significance since raii fractures

]
along these cracks cause accidents or train wrecks.

Fig. 15 Slanted or longitudinal cracks in the
web beyond the Joint area.

2k
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Cracks developed through the bolt holes and emerging onto the butt-end
of the rail, and cracks from the butt-end of the rail under the rail head may
be detected by striking the rail ends with a hammer. The most highly perfect-
ed and reliable method, however{ is that of monitoring the rail joints with

the aid of an ultrasonic flaw detector.

9. O0Obligue or longitudinal cracks in the web beyond the joint area of

the rail (fig. 15) arise and develop in the ﬁeb in.those places where the
markings are>stamped, br in places receiving damage from blows from track
maintainance equipment, where a concentration of stress, leading to the forma;
tion of shatter cracks and other cracks, takes place. It is possible to

- deteet developed flaws of this type during careful extérnal examination.‘ In
the early developmental stage, sﬁch cracks are detected only by‘ultrasonic
flaw detectors

. 10. Hair line cracks in the base, cfacks, and broken places in the base

(fig. 16). One of the widespread and dangerous flaws is a longitudinal crack
in the base of the rail. The presence of such a crack often leads to a broken

base or to its unexpected brittle fracture under a moving train.

Fig. 16_ Hair line cracks in the base, cracks and broken places
in the base.
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Brittle rail fractures take place, as a rule, close to the cross-tie,
near the edge of the base plate, and places where Fhe base is broken are on
the cross-tie in an overwhelming majority of cases. This is explained by the
fact that the crack along thé base develops primarily where the base is
:supported by the base plate.

Hairline.cracks and surface 6verlaps arising during rolling, primarily
in the center third of the width of the rail base, provide the beginning for
the formation of cracks along the base. The hairline cracks appear primarily
as a result of flattening the gas bubbles which lie under the éurface in the
ingot. Overlaps along the center of the base are formed as a result of impro—
per adjustmeﬁt of the rollers used to roll out the ingot. In their external
apbéarance and the extent to which they are dangerous, overlaps resemble
hairline cracks. Hairline cracks are usually rolled out so much that it is
impossible to notibe them from external examination of the rails ét the mills.
It is for this reason thét such rails come to be ﬁsed in track. Under usage
conditions,.hairline cracks or overlaps.rapidly pass from longitudinal to
transverse cracks, under the effect of the loadé from the moving trains.

They weaken the cross-section of the fail, and, as a result, lead to fracture.

These cracks develop rapidly when the base of the rail is not laid firmly
on the base plate since under these conditions the rail is subject to trans-
'vérse bending. i’

A loose or improper fitting of the rail base to the base plate may be
due to concavity of the upper supporting surface of the base or of;the base
of the rail itself, because of twisted rail or becguse of the base plate being
positioned askew, because of improper réugh—hewing of individual cross-ties
when the rail is supporféd by one edge of the base, because of hidden impacts,
ete. Similar destruction of the base may‘arise as & result of inadequacies
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in the rail profile, inadequate thickness of the base, and inadequately small

radius of the lower fillet.

Fig. 17 Thermal cracks in the heads of hardened rails..

s
The greatest failure due to cracks in thé“baée is observed in the first
‘Yeéré of service, espécially in the winter'and~spriné periods.
Well—develdped cracks may‘sometimesvbe detecfed in the léwér fillet
near fhe base plates duriné"caféfui rail exéminatidﬁfﬂfif a light bfown ééfipe
is detected in this place, the fﬁil is taken from the track and the bottom
surface of the base is carefully”examined.' Cracks with a depth of 3 mm and
more originating in the'éentral part qf the base within.the thickness of the
web may be detected by‘uitrasénic flaw'detectors:

11. Thermal cracks (fig. 17) arise primarily in the rail head because of

breaches of tempéfing féchﬁology at the raii maﬁﬁf;éturinglplants. Sucﬁ cracks
nay be formed as a result of ﬁnequal heatiﬁé ahd ééoling of fﬁé raiis’dﬁriﬁg

- the tempering process. It is possible to deteét’sueh flaws only by ﬁsing mag-
netic flaw detéctors. Rail failure due to thermal cfacks'is'oﬁsérved‘in the
first years of éervice, espécialli in thé winter and spring pefibds}’ New

tempered rails which are laid in a track should be tested using flaw detectors
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before trains are permitted to pass over them in order to prevent rail frac-
turing due to thermal cracks,

12, Cracks in the head due to welding or rail connectors (fig,le) ori-

ginate and propagate because of improper welding procedures.. Small weld cracks
which subsequéntly develop into transverse and, sometimes into-longitudinal-
craéks, leading to fracture or splitting off of a piece of the rail head; ori-
ginate in weld spots. . : | . ~
v‘Such ;racks aré detected by_ultfésogic»flaw detectors and by external

inspection of the rail joints. o N

BRY

Fig. 19 Longitudinal cracks in the upper and lower fillet areas.
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~13. Longitudinalvcracks in the upper and lower fillet areas (Fig. 19)

!

are most often encountered in old rail types. These cracks are verj fine,
and, in the initial stage of development, appear as a series of smaii, ser-
rated shatter cracks. As the flaw develops, the fine shafter cracké join and
form a very long, thin créck under the head. In certain inétancés,ithis

crack passes inside the head and appears because of the presence offén ihtef-.
nal vertical separation (piping) in the head. Such cracks appeér iﬁ the fifst
years of rail service.

The majorify of these cracks in the upper fillet are not:éssociated with
the.presence of piping in the rail head. These cracks spread'from éﬁe sufface
into the interior of the rail web in the horizontal plane. Such crécks usual-
ly develop in rails éfter many years of service. They rebrésent crécks ffom
'corrosion fatigue arisingtas a.resﬁlt of a concentraﬁion of stress in the up-

per fillet.

Fig. 20 Transverse corrosion fatigue cracks
in the base of the rail.
It is known that stresses in the rail are unequally distributedi In
those places wh%re there is any kind of nick, hole, or sharp change from
one cross section to another, an increase, or, as is said, a concent#ation,
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of stress always takes place. The sharper the nick and the smaller the fillet
conjunction aremss, the greater will be these stress concentrations.

Stresses concentrated in the upper fillet are significantly increased
when the cant at which the rails are laid is incorrect, i.e. when the transfer
of the pressure under the wheels is not central, when the track is improperly
maintained (level and gage), when the track has been improperly straightened,
upon heavy lateral blows from the wheel tread, etc. The local over-stresses
arising under these conditions and metal corrosion lead to gradual develop-
ment of corrosion fatigue cracks.

Cracks in the lower fillet are encountergd significantly less frequently.
They appear to be corrosion fatigue cracks arising because of the concentra-
tion of stresses caused by the small conjunction radius.

The indicated type of crack is relatively easily detected upon examina-
tion of the rails: wusually near the place where there is such a crack, a
dark brown band, easily visible by the eye with the aid of a mirror, forms.
along the entire crack. Reliable detection of these cracks is assured using

wltrasonic flaw detectors.

.lh. _Eggpsverse corrosion fatigue cracks in the base of the rail (fig.
20) are a new and extremely dangerous type of flaw. This type of rail damage
originates and propagates on portions of the tracks with separate fastenings
in places where a padding, e.g. a piece of wood, with a high moisture capacity
is inserted between the base plate and base of the rail. Moisture which
has penetrated into the padding causes intensive corrosion of the rail base.
As a result, pockets, which are stress concentrators, form in the base, lead-
iné to the formation and propagation of transverse fatigue cracks.

The danger from transverse corrosion fatigue cracks located in the base

is particularly great since these cracks are located in an extended zone,
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which leads to rail fracture, even with cracks having a small area.

15. Cracks in welded joints (fig. 21) arise primarily due to the presence

of silicate inclusions, bubbles, areas of porosity, poor fusion, crater shrink-

.ages, and unsatisfactory working of the weld seam.in the welded joints.

Pig. 21 Cracks in welded joints.

"When using wélded joints, transverse cracks in the head, oblique and
1onéifudinélvcracks in the web, and cracks in the base most ffequently‘develop
undef the effect of the alternating loads.

Welded joint monitorihg is accomplished with ultrasonic flaw detectors
in rail’wélding plants as well as on the line.

\'16. Transverse cracks in the rail base from impacts and other mechanical

demage (fig. 22). Gashes appear on the rail sﬁrféce as a reéult of impacts to.
the rail from an iﬁplement, rail hitting against rail, and other mechanical
damageé.

Pléces of mechanical damage are stress conéentrators, and may éerve aé
places for the formation of cracks, even under norméi ioad. Cracks of this
type develop quickly and often lead fo rail fracture, especially at lowttémp—

eratures.
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Fig. 22 Transverse cracks in the rail head and base
from impacts and other mechanical damage.

17. Transverse rail fractures without visible flaws in the fracture

(fig. 23). Brittle rail fractures. without visible rail flaws are seldom
enc&untered. Such fractures usually take place suddenly under the traips.
It is not possible to prevent this type of fracture by & timely removal of
. dangerous rail from the line. Brittle ffactures_are observed primarily in
the first years of rail service. The primary cause of briftle fractures with-
out visible flaws is the violation of the normal rail production process, as
a result of which rail quality is lowered and sections of brittle rail find
their #ay-into the track. These rails fracture in the’first years of use and
continue to fail until the most unsatisfactory ones are rejected for scrap.
The highest quantity of brittle rail fracture is observed in‘winter at’-temper-
atures of —15o C. and lower, especially after passage of & train including
cars with dents and flat spots on the wheel treads.

Brittle rail fractures are distinguished from other fracturesvby the new,
shiny, grainy surface without smooth light or dark incipient fatigue éracks.

S

From the point of origin of a brittle rail fracture, convex corrugations
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splead out on the surface in a fan-shaped pattern, creating the wavy structure
of the fracture. This structure of the brittle fracture permits its point

of origin to be unerringly determined. Experience shows that, for the majority'
of brittle fractures, the presence of fine hair-line cracks along the center

of the base of the rail is typical. These cracks, as exceptionally acute

stress concentrators, serve as the beginning of the brittle fracture.

Classification of flaws.

In 1934, a system for classifying defects and damage.to rails was intro-
duced to allow accurate records to be kept concérning the removal of defective
rails from the lines, for the organization of operative rail statistics and
for improving the supervision of defective rail reporting. All of the varie-
ties of flaws in rails were grouped into nine basic types. The common charac-
teristics of the forms of destruction and their basic cause was taken as the
basis for such a grouping (classification) of defective rails. Here,
each typical rail flaw is numbered with a two-digit number. The first digit
indicated the common characteristics of one group of flaws and determined the
typé of flaw. The second digit was unique fof each flaw and determined the
varieties or the sequential stages of its development.

A record of defective rails on our railroads was kept until January,
1967, according to this system.

Beginning January 1, 1967, a new, standard classification of flaws and
rail damage, according to which all rails Which are removed from track and
which are unsuitable for further use are taken into consideration, was intro-
duced on the railroads of the USSR, Czechoslovakia, the German Democratic
Republic, and other Socialist countries.

In the new classification, all flaws, rail damage and fractures are num-
bered with a three-digit number (flaw number), e.g. 1T7.1l; 21.2; 26.3; etc.
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Fig. 23 Transverse rail fractures without visible
flaws in the fracture.

.The first digit of tﬁe number defines the type of flaw or rail damage,
as well as the location,of‘the flaw in the rail -cross~section (head, web,
base). - . ‘

.Types of flawé or rail damage (designated by the first digit) are
subdivided in the following matter: | |

The digits 1, 2, 3, 4 indicate that the flaw is situated in the rail.

heéd; 1 - flﬁking or pitting of the metal on the running surface of the rail
head; 2 - transverse cracks in the head and fractures along them; 3 ~ longi-
tudinal, vertical, and horizontal cracks in the head; 4 - crushing and unequal
wear of the rail head.

The number 5 indicates that the flaw or damage is located in the web.

The number 6 indicates that the flaw is located in the base.

The number T indicates that a fracture took place throughout the entire

cross—section of the rail profile.
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The number 8 indicates a bend in the rail in the vertical or horizontal

plane.

The number 9 indicates other types of flaws and damage.

The second digit indicates the variation of the flaw or damage, taking
into account the basic cause for that defect variety.

The flaw variations designated by the second digit are classified as
follows:

0 - flaws and damage associated with inadequacies in rail manufacture
technology;

1l - associated with inadequate contact-fatigue strength of the metal;

2 - those determined by inadequacies in the rail profile or by construc-
tion of the Jjoint fastening;

3 - arising in connection with inadequacies in routine track maintainance;

4 - resulting from the abnormal effect of the rolling stock on the rails

(wheel slippage, flat spots, and others);

5 - caused by impacts from an implement, and other mechanical effects;
6 - associated with inadequacies in welding technology;

7 - connected with defects in tempering technology;

8 - depending on inadequacies in the face hardening of the rails or of

the'welding of rail connectors;

9 - flaws and damage associated ﬁith.other causes not enumerated above.

Frequently, a flaw or rail damage arises for several reasons. Thus,
inadequacies of track maintainance accelerate the development of flaws. The
variations in flaws and damage are classified, based on their primary cause.
Thus, for example, a crack in the base of the rail which developed because of
hair-line cracks is classified with the digit 0. The O indicates an inadequacy
in the manufacturing technology.
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The‘first two digits are seperated by a périod (), after which follows
the third &igit, indicating the ldcation of the flaw along the réil length.

The némerical designations for the location of a flaw or damaged spot
aiong‘the-;ail length, as well as the type of joint welding, are established
as follows; |

1 -~ a flaw in the joint (at a distance of up to T5 cm from the buttfend);

2 - a?flaﬁ_beyond the joint; | ~

- qﬂflaw at the point of electric contact welding of the rails;

= W
|

a flaw at the point of high-speed thermal welding;

- a: flaw at the point of standard thermal welding;

[ ) NN
1

a. flaw at the point of oxy-acetylene welding;

-3
!

a. flaw at the point of gas fusion weldings

-8 afflaw at the point of electric arc welding.

Flays:arising in.the rail at a distance of up to 10 cm on either sidefgf
a welded séaﬁvafe considered to be weld joiﬁt flaws. . -

In ali, there are thirty—eighf types of flaws in the élassificatibn,»and,
taking'into bénsiaeration their division according to the locatioﬁ along gﬁe
length of %he reil and according to the type‘of rail weld, one hundred varieties
are numper;d,. The flaw classification system is presented in systematic form
in Fig,géh; _Accordingito this classification, for example, a rail flaw with
. the numbéir‘i‘lo'.z may be interpreted thus: & flaking or pittivngvon the rolling:
surface ofjthé rail head (indicated by the number 1); associated with .inadequa-
cies of rdil manufacturing technology (indicated by the second number, 0); the
flaw is loéaféd'beyond the joint (indicated by the third number, 2). iopher
nugbgréifo; flaws in'rails are interpreted in thé same manner. |

.AfterZa defective rail is removed from the line, the flawéd place'is

carefully ?xamined, and a humber is established for the defect, based on the
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classification.

form.

The flaw number (figure) is recorded in a PU-k accounting

Fig. 24 Classification of flaw and raii"damage types

1st Group——Flaklng and pitting of the metal on the surface of the rail head

10.1-2

[=4

o 2

Flaking and pitting
because of hair-line
cracks, overlaps, scabs,
ete.

(17.1-2

Pitting of the hard-
ened layer

11.1- 2

[

2 2

Pitting on the gage side
of the head due to inade-
quate contact-fatigue
strength of the metal

18;1

o i
@,a

Plttlng of the welded
layer -

114' 1-2

=

Engine burns and trans—
verse cracks as a result

- of wheel slippage and
sliding

2nd Group--Transverse cracks in the rail head and fractures due to them

201-2

Because of’internal’
shatter cracks (flakes,
gas cavities, etec.)

-29.1-2

Caused by impacts along - -

the rail, or other
types of damage

f2L1-2,:,,.'.

Due to inadequate con-
tact-fatigue strength of
the metal

26.3°8_ ‘1'

In a welded joint

3rd Group--Longitudinal cracks in the head

Vertical separation of
the head

-jita.or. 1-2

[2)
2 @

Horizontal separdtion of

the head

37 .-

+24.1-2

| B=

“Transverse cracks' caused

by the passage of Wheels‘
with flat spots ! ‘

27.1-2

Thermal'draéks in the

J.hardened layervof mepgl:‘.

‘:38;V;, 3 '  1~.

Caused by welding of‘tﬁegﬁ
Joint connections



4th Group-~Crushing and

40.1-2

i

)

-

T
o

Corrugated deformation
of the head (broadly
separated)

3
t
1
|

g

Lateral wear
exceeding accéptable

standards

149.1-2
I

Corrugated deforma-
tion of the head
(narrowly separated)

uneven wear of the head

41.1-2

Crushing due to inadequate

metal strength

46.3-8 _—

Crushing in the shape of
a "trough" at the point
of a welded joint '

5th Group--Flaws and damage to the web

50.1-2
1
Separation of the web

—

55.1°2_— |
=

Longitudinal crack in
the center of the web

152.1—2' |
= |

Longitudinal crack in the

web under the head and
near the base

5638
/ |

Cracks in the web in a
welded joint

6th Group--Flaws and damage to the base

60.1-2 ;

Longitudinal cracks,
broken places in the
base, and rail fracture
due to hair-line cracks
in the base

Bz.g j
? =

Broken base, without
visible flaws in the
metal

38

Crushing on the head of
the inside rail on a
curve due to overloading

‘17.ig§§§§§§§

Crushing in the form of
a "trough" beyond a
hardened end

!5‘3.1-2 _

Cracks from bolt_holes

Corrosion of the web

;65.1—§§ |

Cracks and broken base
due to damage from blows




!66 3% | %""—.

Cracks in the base Corrosion of the base
of a welded joint

7th Group--Rail fracture throughout the entire cross-section (other than
fractures in the 2nd Group)

741-2 < I
; | |
1 _ | ]
Because of slag inclu- Caused by the passage Without visible flaws
sions and other flaws of wheels with flat in the fracture
in the metal spots

8th Group--Bending of the rails

[ — 8636
' - — e
—— —"
= '
Bending of the rails in Bending at a welded Jjoint
any plane
9th Group

39.1-2.

— /_/

;i@%' .

.__.._______.—————

Other flaws
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CHAPTER II -- ELECTROMAGNETIC FLAW DETECTION METHODS

1. A Brief Summary of Ferromagnetism

The detection of hidden defects in steel railroad rails using electro-
magnetic methods is accomplished by magnetization of the rails in the force
field of an electromagnet or a permanent magnet. Bésed on its properties,
rail steel should be related to fhe group of ferromagnetic ﬁaterials because
it magnetizes'strongly in a reigiively weak magnéfic field aﬁd preserves a
significant portion of the magnetization.which Waé transmitted to it. In all,
.only four éf‘the chemical elements known today possess ferromagnetic proper-
ties, iron, nickle; cobalt, and gadolinium. However, the number of different
ferromagnetic materials which are alloys of férfomagnetic elements both with
each 6ther and with non-ferromagnetic elements is extfemely large.

Electromagnetic froperties arise due to the presence of elementary magéA
netism carriers (electrons moving inside the atom) in the’steel atom, and due
to the speéial interactibn among several electrons of neighboring'atoms. The
latter is closely associated with the crystal structure of ferromagnetic mater-
ials. | |

According to contemporary concepts, an atom of any substance has a complex'
structure consisting of a positively cﬂérged nucleus, and_negatively charged
electrons revolving around it. Any movement of an electron, i.e. movement
of ‘an electrically cﬁarged particle along a closed path of extremely small
dimensions, is similar in every respect to the electrical current i in this
path. ﬁ

This eléﬁentary électfical current i creates its own magnetic field, and,
if there is an internal magnetic field, it exerts an orienting effect on it.

The magnetic moment m arises as an §lectron revolves about an orbit of

radius r.
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The magnetic moment is a vector, the numerical value of which is equal
to the value of current i and the area s bounded by the path of this current,

| m=1i-s

The direction of the magnetic moment vector corresponds to the perpen—~
dicular to the area s and is associated with the direction of the current i
in the path according to the right-hand screw rule. The electron, revolving
around the atom nucleus, possesses an orbital magnetic moment. In addition,
the orbital moment around the nucleus, the electron rotates on its own axis,
which also leads to the formation of a magnetic moment, called the spin moment.

Not all electrons take part in creating the magnetic moment of an individ-
ual atom, in fact only a small part of them do. This is explained by the fact
that the magnetic moments of the majority of electrons have an opposing direc-
tion, and mutually offset each other. As a result, these electrons become
neutral with regard to magnetism.

- Essentially, the magnetic properties of a substance are determined by
a small number of electrons, the magnetic moments of which remained uncompen-
sated. The properties of the atoms’ of a ferromagnetic substance are completely
determined by the presence of electrons with uncompensated spin moménts. For
a ferromagnetic substance, the presence of unéompenSated spin moments is a
necessary, but insufficient condition.

The second conditionAconcerns the macrovolume of the substance and is
determined by the size of the electrical reaction between the electrons of
neighboring atoms and the uncompensated spin moments. The spin moments in
the macrovolume of a substance form microscopic regions called domains, or

regions of voluntary (spontaneous) magnetization under the influence of these
forces. The linear dimensions of the microscopic regions of spontaneous

magnetization fluctuates within the range 10—6 — lO_l'cm3.
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In a demagnetized specimen made from a ferromagnetic material such as
iron, the magnetic moments of the individual regions of spontaneous magneti-
zation have a different difection and mutually compensate each other. For
this reason, the resultant magnetic moment in such a specimen will be zero.
Between the boundaries of the regions there are formed transitional layers,
inside of which a constant turning of the magnetic moment vector takes place.

The direction of the magnetic moments of the individual spontaneous mag-
netization regions is primarily determined by the structural characteristics
of the ferromagnetic materials.

In order to note these characteristics, it is necessary to polish the
surface of the ferromagnetic material, e.g. 1iron, to a high degree and.to
eteh 1t with acid. After that, the metal grains, differing in size and shape,
will be visible under a microscope. These grains are crystals with irregular
surface boundaries. They originate as a result of the simultaneous growth of
a large number of crystals, leading to the destruction of their regular bound-
ary outlines. Crystals having boundary surfaces not in the regular form.
are called crystallites. Thus, the usual piece of iron, as well as steel, is
a conglomerate of a large number of separate crystallites. In the absence of
an external magnetic field, each crystallite of a ferromagnetic material is
divided up into a large number of regions of spontaneous magnetization, about
which we spoke earlier.

Inside of each region, the material is magnetized to saturation along one
of the crystallographic lines. On these lines, which are lines of easy magnet-
ization, the mégnetic properties of the individual crystallites are consider-
able greater than in the remainder. This nonhomogeniety of magnetic properties ez
along the various crystallographic lines is called magnetic anisotropy.:

Magnetic anisotropy determines, to a significant extent, the nature of
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the magnetization in the macrovolume of a ferromagnetic material. The reality
of the existence of areas of spontaneous magnetization is confirmed experi—
meﬁ%ally. The experiment consists'of covering the carefully polished sﬁrface
of a demagnetized ferromagnetic specimen with a liquid containing fine iron
particles suspended in it. Then, the appearance of the characteristic fig-
ures is observed under a microscope. The outlines of these figures are
treated by particles of the powder as they settle into the magnetic disper-
sion fields above the boundary layers which separate the regions of spontan-
eous magnetization.

And so, a well-demagnetized specimen made of a ferromagnetic material is
broken up into a large number of regions magnetized to saturation, separated
by boundary layers, and situated in relation to each other so that the result-
ant magnetic moment of the specimen is equal to zero.

Let us now turn to a brief examinétion of the separate stages of the mag-
netization process of such a specimen.

A certain definite number of regions in the specimen will be spontaneously
magnetized so that their magnetié moments, each according to its own direction,
will be close to the direction of the external field or will form a small angle
with it. In the first stage of magnetization, when the external field remains
relatively weak, the regions with the indicated magnetic moments will grow at
the expense of a decrease in the dimensions of other regions with their mag-~
netic moments at different directions. In other words, the magnetization
process in weak fields will consist of displacing the‘boundaries'of the regions
of spontaneous magnétization.

As the boundary displacement process is terminating, each crystallite
becomes a region of spontaneous magnetization, the magnetic moment of which

is directed along the axis of easy magnetization forming the least angle with

the external field.
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As the external field grows further, the magnetic moments of all the
regions begin to rotate in the direc£ion of the field. For this reason, the
secoﬁd stage.in the process of the megnetization of a ferromagnetic material
is called the rotation process. This stage of the magnetization process is
terminateq when the magnetic moments of all the regions correspond to the
direction ef the external field, the sum of the magnetic moments of the regions
of spontaeeous magnetism providing an additional field which combines with
the external‘field and.strengfheﬁs it. Due to the additional (intrinsic)
field, ferremagnetic materia;s acquire the property of magnetizing strongly
in a .relatively weak megnetic field.

As the rotatiqn process is being completed, a ferromagnetic material is
‘magnetized to fhe state of technical saturation, and a graph of the magnetize—
tion corresponding to the two processes (bpundary displacement and rotation)l
is called the technical magnetization curve. : -

If we:begin to aeereaee the external field after saturationvof the elec-
tromagnetie material, the magnetic mement'vector of each region will gradually
diverge frem the pesition coinciding with the external field towards the posi-
tion corresﬁending to the beginning of the rotation process. As was indicated
above, at the beginning of the rotation precess, the magnetic moment ofva re-
gion of sfontaneousAmagnetizafion is directed along the axis of easy magneti—'
zation, erming the least angle w@th the external field. Thus, at a value.of
Zero for the»externai field, the magnetic moments for the regions retain a
definite orientatien in Whieh the total magnetic moment of the ferromagnetic
body (the_séeéimen)vis not equal fo zero. Consequently, the ferromegnetic
body (the specimen) preserves a residual magnetism. In order to reduce this
residual magnetiem, iﬁ is necessary to apply a field in the opposite direction.
This will decrease the dimensions of certain regions and increase the volume of_

v

others.
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Thus, the two properties of ferromagnetic materials which were described,
i.e. to be strongly magnetized in relatively weak fields and to retain a resid-
ual magnetism, are due to the presence of regions of spontaneous magnetism,
and to the combination of the magnetization processes, the boundary displace-
ment process and the process of the rotation of magnetic moments, These same
physical manifestations condition other, no less important properties of fer-
romagnetic materials, about which we will speak later.

Turning to an examination of the basic magﬁetic values, we will note
that since 1963, the International System of Units SI has been universally
accepted for their measurement.

T = vector of magnetism J, the numerical value of which is equal fo the
magnetic moment M of a unit of volume 6f the body being éxamined, is the mea-
sure of magnetization of a ferromagnetic body. It is necessary to distinguish
the words "magnetization" and "magnetism". By "magnetization" we mean the
process of increasing the magnetic moment of the body or specimen, whereas by
"magnetism" we mean the state of the body (the specimen) characterized by the
vector J. For a homogeniously magnetized specimen with a volume V, the numer-

ical value of the magnetism vector is determined from the ratio

In the system of units which is in use, magnetism is measured in amperes/
meter (amp/m). |

Magnetism J depends on the intensity of the magnetic field, H. The inten-
sity vector of a magnetic field characterizes fhe magnetizing field in the
ferromagnetic material or in the core which is created by an electric current
from an external energy source. To obtain a homogeneous magnetic field, a

ring-shaped coil having w turns, and through which passes a current i of the

required value, is used.
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. The numerical value of the field intensity vector in such a coil under
the condition that its diameter substantially exceeds the mean diameter of

the turn, may be obtained from the expression

wi
A=5rz

_vwhere i_ié the current in amps;
| R, is the mean radius of the coil in m.
The magnetic field intensity is measured in the same units as is maénet-
ism, i.e. in amp/m. | |
Between the magnetism of a field H and the magnetism of a substance g_‘
there is a direct proportionality:
J = 4mxH = kH,
where‘x:isvfhe magnetic susceptibility, a physical characteristic of the>'
" materials, | |
For ferromagnetic materiais, X is much greaterAthan Zero, andbdepend; on.
the infensity of the field and on the tem@eratufe. |
| Maéneéism J may Be examined as an additional (inherent) field, originat-
ing as a result of the total effect of the nmagnetic moﬁents-of‘regions ofﬁ
spontaneous magnetization. Combining with the external field H, which is
created by an electrical current from an exfernal energy source,-it produces
a total field‘g_acting on the substance. The total field, called the magnetic
induction, is & vector quaﬁtity.
.The ﬁumerical value>of'the vector B may be fqund from the following

formula:

B =yp,(H+J).

The magnetic induction is measured in

In thé last formula,,_”_O indicates the magnetic constant or the permeabil-
ity of a vacuum, and, in practice, of air.
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In the SI .system, po=4=-10""  henries/m.

If_éne-were £o_substitute‘tﬁe value of g;indicated above into the formula
determining induction; the foliowing relationship would be oﬁtained:

| B=zLo(H;F4ﬂxH)=uo(1+k)H=,PuH.

where po=(14+k)p, -- the.abSolﬁte magﬁgtic permeability measured in tesla
m/amp._ | |

It is convenient to 'employ the cdncept of rélative fermeability }L by
which we mean the relationship of the absoluté permeébility to the perﬁeabil;
iéy of a vacuum. Relative permeabilit& is an abstract quantity.

Using'the concept 6f relative pérmeability, the equation for E-may be
represented in the folloﬁiné form:

| B = o = poutd,

When examining a magnetic field, the'céﬁéeﬁté‘of magnetic flux ¢ and of a
magnetizing (magnetomotive) force E;afe usea. | '> |

The magnetic flux*is deférﬁiﬁé& oﬁly by‘a numericél value, ilé.‘ it is
a scalar.‘ In a homogerieous field,-for a cross—seption S, perpendicﬁla;-to
thé diréctién of ihductiop vector B, the fluxAis determined from the formulé

| | ¢ = B-S. |
The magnetic flﬁx is measured in voit—seconds (V'seC)-Or in webers.
| The magnitude of the magnetic.flux ¢ may be determined by analogy with

Ohm's Law as the ratio of the mdgnetomotiVe fbrce (mmf) F to the magnefic,

resistance Rm:

—_ Fo
¢>_-Ea.

For the path 1 in a uniform field, corresponding in direction with H,

we have

e
W
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The magnetizing force is alscalar, and is measured ie amperes (amp).

In many handbooks onﬂflaw detection in rails, the dimensionality of mag-
netic values is.indicated in the Absolite Electromagnetic System of ﬁnitsT
(cgs), in which the induction B is meesured in gauss, the magnetic flux in
maxwells (mx), and the intensity of the f1eld in oersteds (oe).

Conver51on from the cgs system to the SI System of Units is accomplished
"using the follow1ng relatlonshlps -

1l mx =_10—8 Weber;
l‘gauss = 10 -b- tesla,
H——-amp/m = m,amp/cm.

2, Basic Information on the Process of Magnetizing Ferromagnetic Materials

in a Stable Magnetlc F1eld

The stable magnetlc fleld is a fleld exc1ted by constant or slowly
changlng electric current. The magnetization process of a ferromagﬁetlc
material ih such a field isneﬁaracferisee byﬁéﬂense;called original ﬁaéneti—
zation curve, representlng the dependence of the 1nduct10n B on the 1nten51ty
of the magnetlzlng fleld H Thls curve may be.obtalned experlmentally for a

i

ring-shaped ferromagnetic core with an evenly distributed magnetizing winding.

Fig. 25 Original magnetization curve of a ferromagnetic material,

The core is first of all demagnetized, i.e. it is brought to a sfate in
which the total magnetic moment of the regions of spontaneous magnetism is

equal to zero.
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The original magnetization curve is shown schematically in Fig. 25, where
values of the field intensity H are plotted along the horizontal axis (the
abscissa), and the values of the magnetic induction are plotted along the
vertical axis (the ordinate). The curve which is given is divided into two
sections, each of which reflects a specific stage in the magnetization process.

The initial, gently sloping portion of the magnetization curve corresponds
to the reversible displacement of the regions of spontaneous magnetization of
the material. The process is called reversible if the magnetized material
may be returned to its original state, with the induction B, by restoring the
initial state with thp.field intensit& H. On the steep (I) section of the
curve, hagnetization of the material takes place by an irreversible displace-
ment of the boundaries of the indicated regions. When irreversible processes
are involved, restoring the original values of the intensity H will not return
the material to the original induction value B. Irreversible processes arise
as, a result of the appearance of factors hindering the displacement of the
boundaries of the regions of spontaneous magnetization. These factors appear
as a result of mechanical stresses, foreign inclusions, cavities and other
flaws in the crystallites of the ferromagnetic material. The upper bend.of
the curve, together with the transfer to the gently sloping section (II),
where the material approaches the state of technical saturation, corresponds
to the reversible process of rotation of the magnetic moments of the regioms.

Thus, the process of magnetization of a ferromagnetic material is, to a
great degree, irreversible. For this reason, reducing the field.intensity
from the maximum value for a given magnetization curve to H = @ does not re-
sult in the originai value of the induction B.

On a broader scale, this means that the nature of the induction change
for a gradual increase in the field intensity does not coincide with the nature
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of the induction change for a gradual décrease of this field to the initial
value. The closed curve for magnetization of a ring-shaped ferromagnetic
core with an evenly distributed magnetizing winding through a full cycle of
the changes of H may serve for experimental confirmation of the indicated
dependency. Gradual increase in the current in the magnetizing winding pro-
duces a gradual increase in the intensity of the field from initial wvalue
H=0¢ to a maximum value H = H (Fig. 26). The branch OA, which is obtained
as a result of this, corresponds to the iﬁitial magnetizatioﬁ curve.

Turning to & gradual decrease in the field intensity down to the initial
value H = @, one may be readily convinced that the newly obtained curve does
not correspond with the former; it is higher and, instead of @, it arrives at
point EE'

Thus, at point @, corresponding to the zero value of the field intensity,
the magnitude of the magnetic induction does not return to zero, but a certain
positive value Br is retained. Consequently, the change in induction which
is taking place in the core will lag behind changes in the field intensity.

In order to reduce the positive induction Br to zero, it is necessary to
apply a field in the opposite direction, i.e. a field with a negative value
of H. To do this, it is adequate to reverse the direction of the current in
the magnetizing winding. When the field in the opposite direction reaches an
intensity Hc’ induction in the core will be reduced to zero, i.e. the core
will be de;;;netized.

In the case in which the field is further increased, to a intensity —HS,

the magnetization curve will reach the point Al, corresponding to the satura-

tion of the core in a field with negative values of H. As the values of this
field are decreased, the curve will pass along the line Al’ —Br. At the point

corresponding to the zero value of the field intensity, the magnetic induction,
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as before, does not return to. zero, but takes on the negative yalué -Br.

.

Bl -
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Fig. 26 Symmetrical hysteresis 1loop of a ferromagnetic material.,

In order to reduce this inductiOn_tovzero, it is necessary to apply a
field with a ﬁositive value Hé. As this field is increased, the magnetiza-
tion curve arrives at point é:-where the full magnetization cycle is termi«
nated. Thus, when changing a'fielq frem a maximum positivevvalue +ﬁs to a

maximum negative valuel:Eé and back, she megnetization curve fosms a looB,
called the symmetrical hysferesis ioop.

The hysteresis loop graphically represents the lag of.the indﬁction be-
hind the field'intensity for ; full cycle of ehenges. The area of the hyster-~
esis loop determines the size of the energy losses on hySteresis for a unit
of volume of a ferromagnetic material on magneticlreversal. Tﬁe‘energy lost
to hysteres1s turns into heat which serves to heat up the core.

The hysteresis cycle which is established may be obtalned only after
multlple changes of the field within the range of acceptahle values Hs. Eor

- values-of H, at which saturation of the material is attained each time, the

established hysteresis cycle is called the maximum hysteresis loop. The secw=

tion B H of the maximum hysteresis 1oop which characterizes the process of

demagnetization of the materlal has great 51gn1f1cance in technology. The

BrHc section of a maximum hysteresis loop is called the demagnetization curve,
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The points at which the maximum hysteresis loop intersects with the co-
ordiante axes determine the magnetic values, which are the most important
characteristics of a ferromagnetic material.

If one takes the symmetrical hysteresis loop shown in Fig. 26 as a max-
imum hysteresis loop, its intersection with the axis of the ordinates at point
Br determines the value of the residual induction in the ferromagnetic material.
The intersection of the maximum hysteresis loop with the axis of the abséissa
at point Hc determines the coercive force, with which the residual induction

Br will be reduced to zero. This coercive force is equal to the intensity of
the field. -

The initial magnetic permeability Min and the maximum magnetic permea-
bility«“‘max also pertain to the number of-primary parameters which charac=
terize the properties of ferromagnetic matérials during stable magnetization,
in addition to the residual induction and.the coercive force. It is customary
to determine both of these characteristics from the magnetization curve. The
indicated cufve corresponds with the geometrical location of the peaks of the
established hysteresié loops (Fig. 27), which constitute a family of symmetri-
cal hysteresis loops.

The initial permeability‘;;in characterizes the properties of the materials
in very weak fields. |

The maximum permeability characterizes the properties of the materials in
fields with an intensity close to the magnitude of the coercive force.

One characteristic feature of ferromagnetic materials is the non-linear
dependency of the magnetic permeability on the intensity of the magnetic field
created for it. Values fér B and H of the basic magnetization curve are taken

for constructing this dependence. The relative permeability for each point
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on the basic magnetization curve is determined by the formula woe B _

where IT is the magnetic constant.

Basic megnetization

curve

Fig. 27 A family of hysteresis loops and the basic magnetization curve.

)

Hig

Fig. 28 The dependence of the magnetic
permeability on the field intensity.
The nature of the dependence of gon H is shown in Fig. 28.
Everything which was said above about the magnetic properties of materials
is also pertinent to a closed magnetic circuit, e.g. to clbsed ring-shaped cores.
However, a broken magnetic circuit, i.e. a circuit containing an air gap,
which represents a large magnetic resistance in comparison with the remainder
of the circuit, is often uséd in practice.x The air gap may change the path of

|
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the magnetization curves and the permeability values substantially. Free poles
vhich create a demagnetizing field.Ho, directed toward the internal magnetiz-

ing field He,arise in a magnetic circuit or in a core with an air gap.

The magnetic properties of such a core are determined by the resultant

(true) field:

The demagnetizing field Ho may be considered to be approximately propor-
tional to the magnetization J. The coefficient of proportionality between them
is called the demagnetization coefficient. Using this coefficiént, it is pos-

sible to state that
H. =H «~N-J.

i e
In most cases, several1mean values for N, determined from approximated for-
mulas or from tables for bodies of the given shape and dimensions, are used in
practice. Comparing the demagnetization curves of the substance and the speci-.
men (the body), one may make the following comments. As the demagnetization
coefficient'becomes greater, i.e. the shorter and thicker the specimen, its mag-
netization curve will take on a more gently sloping form. From this it follows
that when large air gaps are present, the path of the magnetization‘curve is bas-
ically determined by the form of the magnetic circuit or core and not by the mag-
netic properties of the material.
It is customary to divide ferrdmagnetic materials into two general groups:
magnetically soft and magnetically hard.
| The ability to be magnetized to saturation, even in weak fields, and small
losses to magnetic reversal aretdistinctive propertiés\of magnetically soft mat-
erials.
Magnetically hard materials (materials for permanent magnets) are distin-
guished by.large values for residual induction.B? and coercive force Hc'

Comparing the hysteresis loops which characterize the two groups of materi-

als, one may note that they are most substantially distinct with regard to
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the size of the coercive force. The smallest value of Hc for the magnetically
soft industrial materials presently in use is 0.004 amp/em., whereas for mag-
netically hard materials, the greatest coercive force Hc is approximately

3200 amp/cm.

In other words, megnetically soft materials have a narrow hysteresis loop
~with a small coercive force, while the magneticaliy hard ‘materials have a
broad loop with a large coerei§e force. ’

Compafing the basic.magnetization curves, one may note thatlé steep rise
of the curve in the interval for weak fields is charecteristic for magnetically
soft materials. This ie enlindicator‘of the hiéﬁ permeability of magnetically
soft materials in_weak.fields, |

The most important magneticallyAsoft materials are commercially pure
grade iron, electrical steel;APerﬁalley, and mageetieally soft ferrites.

Ameng<the magnetically hard materials used to prepare- cast permanen£
magnets,'alloys_of'iroﬁ;ﬁiekel—aluminum or iron;nicéel—aluminumycobalt,.as
well as steels hardened with martensite,(chrome,:tungsten, and cobalt steels)

have received the most wide-spread application.

3. Basic Characteristics of Ferromagnetic Materials in a Variable Magnetic

Field..

In a varieble magnetic field, periodically changing from positive to
negative maximum value with the same amplitude, the magnetic state of the
material and the core is characterized by a stmetfical, dynamic hysteresis
loop. As distinet from & stable hysteresis loop, the nature of’a dynamic
loop is determined not orily by hysteresis features (the influence of preceed-
ing states), but also by the influence of other factors, among which eddy cur-
rents play a substantial role. Therefore, a dynamic loop may only condition-

ally be called a hysteresis loop.
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As has already been indicated, the area of a hysteresis loop is always
determined by the dispersion of energy for a full cycle of magnetic reversal.
In the case of a dynamic loop, its area is determined by the dispersion of
energy - (the transformation of magnetic energy to heat ehérgy) not only as the
result of hysteresis, but also as a result of losses to eddy currents. There-
fore, for the same core, with identicél values.for magnetic induction, a

dynamic loop is always broader than a stable one.

Fig. 29 Schematic for determining the dynamié
induction curve of a ring-shaped core. -

The shape of a dynamic ioop depends on many factors, among which the
following are basic: The magnetic properties of_thé'matefial and the .core,
the frequenéy of the magﬁétizigchurrent, tﬁe maximum induction value, the -
dimensions of the core, and the thickness of the sheets from which the core
is assembled. Therefore, in a variable magnetic fielq, a dynémic 100p_is
valid onl; for the core béing examined and under the conditions given for_ité
operation.

Thée nonsinusoidal nature.of a magneﬁizing current (the nonsinusoidal
‘nature of the field'intensity) or th; noﬁsinusoidal~natﬁre of the magnetic

flux (induction) also influence the form of the dynamic loop.

The dynamic loop has a form close to an ellipse only in weak fields, i.e.
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at small induction values. In this case, a sinusoidal change in the induction
corresponds to a sinusoidal change in the field intensity.
‘The so-called dynamic induction curve is an important characteristic of

the behavior of a coil in a variable magnetic field. If the behavior of a

ferromagnetic core is characterized by an elliptical loop, the dynamic induc
tion curve expresses the dependence of amplitude values of the 51nus01dal

induction BM on the amplitude values .of the 51nus01dal field 1nten51ty H

However, this dependence will also represent the dynamic characteristic of

the core only for average values of BM and HM for the whole perlod of their

variance. .To construct a dynamic induction curve, the values of BM and HM

are found indirectly, based on the existing association between the magnetic
and the electrical magnitudes in alternating current circuits with cores and
magnetizing windings.

Let us examine this association using the alternating current circuit
given in Fig. 29 es an exemple.

The electrical circuif contains a ring-shaped core with a. magnetizing

winding Wy and a measuring winding Voo Both windings are evenly distributed.

along the entire length of the ring-shaped core. An autotransformer AT serves

——

to regulate the current in the magnetizing winding‘wi. The autotransformer

is connected to a sinusoidal voltage source,
V=V,sin3x ¢ =V,sinot,
where T is the alternating current period,
‘@ is the angular frequency, and
VM is the amplitude value of the feed voltage.
An—;mmeter serves for measuringrnhe alternating current in the magnetizing
winding Wy . The electromotive force in the measuring winding is determined by

the voltmeter V.
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Two electrical magnitudes are measured with the aim of determining the
magnitudes characterizing the magnetic state of the core in a variable field:

the alternating current i_in the magnetizing winding Wy and the variable

electromotive force e in the measuring Winding,Wé. Inasmuch as we are speak-

ing of weak magnetization of the core, gi?en.a sinusoiaal feed voltage V, thé
current>£_and the eiectromo?ivé force e will alsb‘chdnge accofding to the
sinusoidal law. | |

Uéiné the daté which ﬁave been presénted, we will now fake'uﬁ exémination
" of the éorresponding aSSociatibn befwéen the indicated eleéﬁrical magnitudes
and tﬁose magneticlmagnitudes vhich permit constfuétibn of the dynamic induc-
tioﬁ curve when the.core is weakly magnetized; |

The amilifudé of the sinusoidal magnétié field’intensity.HM is direétl&
associated with the true valué of I of the magnetizing current—;;_the'winding

o ,
. w,
,H.\x = 2'71":

where' I is the'averége length of the magnetic line in the ring-shaped core,

and'wl is the number of turns in the magnetizing winding.

' There are also other formulas showing the connection between HM and ﬁhe

M

amplitude values of the current I, . or the mean value Iav' However, the form--

uia indicated above has the most pr;cficai value since in most systems (elec- -
tromagnetic, electrodynamic, heat, and thermoelectric), amméters show the
value I of a sinusoidal current.

The amplitude BM of a sinusoidal induction is directly associated with

the true value of E, the sinusoidal electromotive force, which is induced in

winding Vol
_ E

where f is the feed voltage frequency,

59



W5 is the number of.turns in the measuring winding, and -
s is the cross-section of the ring-shaped coil.

The connection between the induction B and the average value of the

M
sinusoidal electromotive forceAEav in winding;wé is given by the formula
T
, M fwzs v
Using the latter formula, .it.is possible to obtain more accurate data for B_.

M

This accuracg‘is possible because rectifier-type voltmeters, having a greater

| internal resistance in comparison with othef types of volt-meters (éexcluding
cathode—types], may serve to meaéure the average value of the sinusoidal elec-
tromotive fprpg; n

The gmplitude permeability, determined as the ratic of the maximum

induction to the maximum value of the field intensity on the dynamic induction
cﬁrve,‘is an important characteristic for the behaﬁior of a ferromagnetic core
in'a varigble magnetic field. The amplitude permeability is calculated from

"thexfollowing fdrmuia whenvfhe intensity of the field and the induction vary
siﬁgsoidally:

—_ Bu_
-p'“ - pofly '

where y  is the magnetic constant. e

o

It‘is necessary to eﬁphasize ﬁhat“jLM represents the mean value of the
magnetic pergeability for one peribd of the feed volﬁégé. In realiéy, tié
magnetic permeasbility of the core changes éonétéﬁfly Ehfoughouﬁ tﬂe.éntire
period of the feed voltage. -

In strong magnetic fields, the ﬁonsiﬁusoidal nature of the mégﬁétizing
current (the nonéinusoidal nature of the field intensity) or the nonsinusoidal
nature of the flux (ihductiahj influences the form of the aynamic loop. There-
fore, other'conditions being equal, a dynamic loop in the case of ﬁénéinﬁ;oidal
field intensity is different- from the dynamic loop bbtainéd 1h'the'casé'6;nnon—

sinusoidal induction.
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Let us examine causes precipitating the appearancé of nonsinusoidal
induction or nonsinusoidal field intensity when magnetizing a core in an
electric circuit with a sinusoidal feed voltage, i.e. causes not related to
the. feed voltage source. With-this in mind, e will return to Fig; 29 and
introduce the following symbols: -

R —— the resistance of the magnetizing winding w.; and

" xz=0L ~- the inductance of that winding when the circuit of the measur-

‘ing winding.w2 is open.

The feed voltage V = VM sin Wt may be reduced to two components, one

of which,.Vh, overcomes the active voltage drop at resistance R, and the

other, V., balances the counter-electromotive force of inductance, which is

~equal to

-dD 4B

Let us assume that all turns of the magnetizing winding are permeated by‘the
' same magnetic flux ¢ = B*S,. i.e. there is no magnetic dispersion; and the
active résistance R is much smallez_' than the inductance!;L, i.e. g«xLl |
These'conditions permit us to ignore the drop in voltage Vh in comparison

with the feed voltage and accept that:
V=V,sinot =V, =2,552,
where.wi is the number of tﬁrns of the magnetizing-winding;
~ © is the angular frequency, and
s is the cross-section of the ring-shaped core.

From thif relationship, it follows that

B = gpzsin (‘“‘ - %‘) = B, sin (u)t — %)
This relationship shows that, given a sinusoidal change in the feed voltage,
end R&X,,

the law of sines.

the induction B in the core will also change in accordance with -
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It is _necessary to draw attention to the situation when the amplitude

value of the sinusoidal induction

m

M 277fwls

does not depend on the magnitudes characterizing the magnetic properties or

B

on the geometric dimensions of the core.
Having proved the sinusoidal nature of the induction'EJ we turn to an
examination of the law of chahges in field intensity H, or, of the law of

changes in the magnetizingvcurrent in the winding.Wi, which is the same thing.

We will be solving this portion of the problem undertexamination by grephi-
cally coﬁs£ructing a simplified diagram of thelmagnetizétion proceés, accord-
ing to which a aynamic loop is replaced by the magnetization curve.! The
sequence of the graphic construction of the field intensity change curve H
(curve 1), given a sinusoidal change in induction E?_(curveAz) is shown

in Fig. 30.

In the center part of this figure, the magnetizationicuryg«is presented
for values of.induction §;at'which the ring-shaped core reaches saturation.
In the right-hand portion of the figure? the gingsoidal induction curve is
shown for a full period T. The horizontal straight line szserves.asutpe.,_
time line for the sinusoid. The magnetization curve permits'us:tq;determine
each instantaneous value of the field intensity H for a corresponding instant-
: aneous‘value of the sinusoidal induction B. For example, for a moment of .

time t, the instantaneous value of the variable field intensity H correqunds

t

to the instantanecus value of the induction Bt' The, value ofth_which is

found is plotted on théiordinate passing through point t on the vertical
straight line ®t, which serves as the time line for the variable field inten-
sity. The points t on the two lines Wt (horizontal and vertical) represents

the same moment in time. In the same way, ordinates corresponding to other
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instantaneous values of sinusoidal induction may be found and plotted. Con-
. necting the ends of these ordinates, we obtain the periodic curve for field

intensity H for a time of one period T (at curve 1).
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fig.330 Nonsinusoidal change of intensity E_éivén a’

’ sinusoidal change in induction B.
*’Vléiméyvbgfseén'from Figﬂ 30 that at large values of inductidn‘g_corres—
ponding to saturation of the core, the periodic graph of H takes on a nonsin-
ﬁsoidal‘(pegked) form. ' The means for graphic construction which we have |

introduced éhowfthat the non-linearity of the magnetization ¢urve in areas’
for-large values of B is oﬁé cause of the nonsinusoidal nature of H. The "
,samé‘mahiféstationé are observed in reality when the’proéessgof hagnetiiétioﬁ
and demagnétization of the core takes place along non-linear branches of the
Toop. |

‘Usiﬁg*the;éraphic.means which we introduced, it is easy té demonstrate
that, if the'émplitude of‘#“sinﬁsdid §_doe§ not go beyond the bounds df the
linear portion of ‘the magnetization curve, there will be no deviations from
the ‘'sinusoid in- the graph of H.
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"It is known that it is possible to separate any periodic nonsinusoidal
curve representing any type of electrical or magnetic vaelue into sinusoidal
components of varying frequency, amplitude and initial phase. In individual
cases, it is also possible to obtain a constant component along with ‘the
sinusoids when this separation is made.

The sinusoidal components of a nonsinusoidal curve are commonly called
harmonic components, or, more simply, harmonics. The hgrmonic having a fre-

gquency . identical to the frequency of the nonsinusoidal curve is called the

first or primary harmonic. The remaining harmonics have frequencies two,
three, four, five, six..., times greater’than the frequency of the primary
harmonic. Therefore, the frequency of the individual harmonics may be greater
than the frequency of the primary harmonic by either an even or an odd number
of times.

There are several graphic and analytical methods for finding the ampli-
tude and phase of harmonic components of periodic, nonsinusoidal curves.
Using one of these methods, it is possible, first of all, to demonstrate that
the nonsinusoidal curve H does not contain the @t time line. Secondly, in
addition to the primary harmonic, the curve contains a clearly expressed
third harmonic, as well as an amplitude-significant fifth harmonic. Uneven
harmonics of the field intensity will exert an influence on the form of a-
dynamic loop reflecting the process of magnetization of the core in ar elec-
trical circuit with a sinusoidal feed voltage and g«xL.-

Another relationship is possible between the parameters Efand.xL in

the same electrical circuit. Unlike the previous situation, we will propose

that the resistance R is much greater than the inductance xL, i.e. R& X

This permits us to ignore the drop in voltage VL'in comparison with the feed

voltage V and assume i = V/R. Inasmuch as V = V. sin Wt, the magnetizing

M
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current i and the field intensity H will also. change according to the sinu-
soidal law. Figure 31 relates to this case. .Here a graphic means of con-
structing the periodic induction curve B (curve 1) in the presence of a
sinusoidal change in the field intensity H (curve 2) is shown.

With no biasing of the core.by a constant magnetic field (Ho-= 0), the
time line Wt of the sinusoidal curve H passes through the beginning of the
magnetization éurve coordinates.
correspondé

For a moment t, the instantaneous value of the induction B

t

to the instantaneous value of the sinusoidal field intensity Ht along the

magnetization curve. .

The values which are found for B, are plotted on the ordinate passing

t

through the point t on the horizontal line &t serving as the time line for. ..
the variable magnetic induction B. The ordinates of B for other instanta-
fieous . values of H are found in the same manner. This permits us to .obtain

a graph of thé changes in the magnetic induction for the time of the full
period 2_(curve 1). According to Figure 31, this curve has a nonéinﬁébﬁd&l"
form. which is:phopped at the peaks.

The-symmetrical nature of the induction curve relative to the line ot
shows that it.does‘not contain even numbered harmonics., - Among the odd numbered
harmonics, the primary harmonic induction component, the amplitude value of
which is greater than the maximum value of the nonsinusoidal curve, plays a
fundamental role here. The odd numbered induction harmonics will -influence. -
the form of the dynamic loop. This influencé is distinct'from the influence
of the 0dd numbered harmonics of the field imtensity.. - . |

It is‘obvipus that the‘gpnsinusoidal nature of oné of the‘falues will be ¢

refiéeted to some &égree on the form of the dynamic induction curve as well.
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Fig. 31 The sinusoidal change of the field intensity H
given a nonsinusoidal change of induction B.

Under practical conditions, it is more often necessary to contend with
the presence of harmonics in the field intensity curvé. Here;véhe alternatiﬁg
_current-in the magnetizing winding, i.e. the magnetizing current, will have
harmonics of the same order. In such an instance true values of I, the non-
sinusoidal magnetizing current, are used, permitting the determination of
the effective value He of the field intensity of a certain sinusoid. This
value is equivalent to the effectiveICﬁrrent of the field inteﬁsity contaihing

the harmonic components. Then the peak permeability'}t]VI is determined by the

following formula:

w = — B
" PoHeilf 2 o

where B, is the amplitude value of the sinusoidal.induction,

=

is the magnetic constant, and

o™ [ |

is the effective value of the equivalent field intensity sinusoid.,
The peak permeability'_#M:is the average magnetic characteristic for one.

period of the feed voltage.
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An examination of the worklngs of cores under the condltlons of simul-
taneous magnetization by variable permanent magnetlc fields, the amplitude
of the variable component of the field intensity being much larger than the
intensity of the constant coméonent of'tﬁe fieid; ﬁéids éreét interest for
magnetic flaw detection. | |

:The magﬁetic stéte of the core operating under the given condi£ions

changes according to an asymmetrical dyhgmic loop.

——r____

~n [
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Fig, 32 Nonsinusoidal change of the induction B with a simultaneous
" magnetization by a constant field with 1nten51ty H 'and
- by a sinusoidal field with intensity H.—

The pecularities of this type of magnetizatién will be elucidated using

a simpler example in which the dynamic loop is replaced by the basic magnet-
ization curve (Fig. 32). Here, the condition of simultaneous magnetization
is broughf about by a coﬁstant field with intensity"Ho and a variable fiela

with'a sinusoidal change in ihtensity H (curve 1), the ‘amplitude of which is

five times ‘greater than the amplitude of H -

- 67



The vertical stréight’line passing.through_the point Hb on the axis of
the absciséa of the magnetization curve serves as the timé—zgne for the
sinusoidal field. Therefore, each point of the wvariable field sinusoid -

- relative td the beginning of the magnétization curve gives an instantaneous

value for the resultant field. For a moment of time £, the resultant magnetic

Ht' The instantaneous value of the induction B_,

field has §n<intensity.Ho +.
which is plotted on the ordinate)passing through poiﬁt t, cofrespénds to the
indicated value of the field intensity along the magnetization curve. As a
result of énalogeous constructions for other instantaneous -values of the
induction, a series of points is determined which permits the periodic induc—
tién curve B in a fing;shaped core (curve 2) to be obtained. .

It isLnot difficult to demonstrate that for one period, the average
ordinate of fhis curve is not equal to zero. Consequently, the nonsinusoidal
curve under examination has a constant component. The size of the constant
com.ponent'B'o of thé induction is determiqed by the distance fetweén the

axis of the abscissa and the line wt, drawn so that relative to it, the aver-

age ordinate of the curve being examined is equal to zero for the period.

3}/.’ _tesla .
16 /

7 ',{L{f,/’

&% 32 [ He, smp.cn

Fig. 33 ' A family of characteristics for a ferromagnetic material during
simultaneous magnetization by a field with a variable and a constant component.

In the absence of a variable field, the constant induction .B_ corresponds

to the constant field with intensity Ho' When the constant and the variable
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fields act jointly, the constant inducﬁibn-Bo‘decreases to the indicated

—

value of B'0 although the intensity Hoirémains'unchanged.

The horizontal straight line ot is the time line for the wariable
component of the magnétic induction. Since the periodic curve :of the vari-
able induction component is.asymmetrical: relative to the line ®Wt, it conse-
gquently contains both even and‘odd‘order”harmonids.-JOf the even numbered
harmonics, the secéond has the greatest amplitude. ‘Under certdin conditions,

the amplitude<of"theVSecond harmonic of the variable induction componént

changes in proportion- to-the intensity of the constant field.Ho.

Working under the condition of éimultaneou53magnetiZatiOn by a field
with both a variable and a constant component, a primary characteristic of a
ferromagnetic material, or of a ring-shaped core prepared from this material,

is the dependerice of the ‘maximum value of:the iﬁduétidn‘BMfon the effective

value of the variable field intensity Hé, obtained at an intensityde of the

constant component of the ‘field., = = ST e
“A-family of these characteristics for a ring-shaped core made of E320
electrical steel for several incféasing-values of.Ho is shown in Fig. 33.

As may be seen from this figure, the greater the value for.Ho, the more
gently the slope of the initial bait of fhe'cﬁérééﬁéristic becomes. Therefore,
during simultaneous magnetization with lafge:values—éf Ho’ a very lengthy

period of slow growth for the values of the induction‘BM arises.

In addition to ferromagnetic.cores; large,noﬁfferromagnetic and ferro-
‘magnetic objects, e.g. rails, méy.also turh oﬁt té be in a variable magnetic
field. |

'-Ih gzréiliwhich is‘cénducéiﬁg‘glect;iézt&;qtﬁe?Véfiable mégnetic fiéid\u:':fi
excites. an e;gctromggnetic‘indpction emf, under the.influgnce.ofuwhiqh qlosed

eddy currents arise..
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In their physical properties, the small eddy currents are analogeous to
currents passing through the conductors of electrical circuits. The eddy
currents, as is the case with anylinduced eurrent, attempt to oppose the force
which created them. Therefore, the magnetic field of the eddy currents (the
secondary field) is in oppoeitien to the primary megnetizing’field'et evemy
momemt. As a result of the skin—effect, the density of the eddy currents is
irregular through_the cross—section, and has the gmeatest value near'the |
surface of the object Being maghetizedi: More detailed information abomt
these currents is given in the peragreph describing the flaw détection method

based on the use.of eddy currents.

h, Magnetization features in the constant magnetic field of a movihg

electromagnet.

The method of magnetizing reiis in the magnetic field of a moving elec-
tromagnet has gained practical application. In this case, a U-shaped elec-
tromagnet with its poles turned to the running surface of the‘raii head i;”
used. — |

The magnetizing”windings of the electremagnet are connected to a direct
cmrrent source. As a rule, magnetizing a'railiin the field of -a moving elec—
tromagnet takes place ﬁith constant air gaps between poles and the surfaee
of the head.

| The magnetic pole currents (Fig. 34) are partially dispersed, whereas
in the rail itself, they branch out into two‘parts, those betweenltﬁe poles
and those beyond.the-pdles. | |

The magnetic flux between the poles, which comprises no mome_tﬁan'60%
of the overall flux stimulated by the'maénetizihg eurrent in the electre—
magnet windings, is used during rail flaw detection. Magnetization'in a

moving field (dynamic magnetization) is usually compared with stable magneti-
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zation, whereby the electromagnet is.immohlelwith,respect to the rail.

We will examine magnetization in a mov1ng field when both poles of an
electromagnet pass over each portion of the rail one after the other. Conse-
quently, each portion of the rail will turn out to be under\the influence of
a magnetic field, the size of which varies from the maximum positive value
under the-N~pole to the maximum negative value nnder the S-pole. With an
electromagnet speed of T0 km/h, this entire.process of magnetic reyersal in
the rail takes place during a time of approximately 0.005 sec.

The process of magnetic reversal in a rail within the field of the mag-
net has a pulse nature. Magnetic reversal of each section of the rail under
the poles of a moving electromagnet will take place according to avcertain
open hysteresis cycle.' The nature of this’crcle is determined by the proper-
ties of the rail material' the relationship between the sizes of the flux

'between .the poles and beyond the poles, as well as by the air gaps between the
rail and the poles.

A change in the magnetic flux in the rail accompanies movement of the
magnetic.field’source. Therefore, the section of the rail over which the
_electromagnet is located at any glven moment 1s d1v1ded into. two reglons. In
one of them, the magnetic flux is decreasing and in the other it is growing;

S it is for this reason that eddy currents arise in the rail.

The closed contours of the eddy currents, being 1nseparably assoclated
w1th magnetic fluxes above the poles of the electromagnet are élsplaced in.
unison along the length of the rail. As is known, the eddy currents create
their own magnetic field Whlch, accordlng to Lentz s law, opposes any change
in the magnetlc ;lun of the rall, i.e. the fleld of the eddy currents
;hlnders an increase in flux in the rall and, conversely, reinforces the
decayingiflux. “

1.
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Fig. 34 Diagram of the division of the magnetic flux in
the rail into two parts, that between the
poles and that beyond the poles.

Obviously, hysteresis and eddy currents affect the process of magnetic
flux formation in the section of the rail between the poles in a definite
manner. The degree of influence for the indicated factors may be established
by comparing the distribution curves of the flux between the poles for various
speeds of the electromagnet. One of these curves should correspond to the sta-
tic case of magnetization, i.e. magnetization when the magnet is stationary.

The influence of hysteresis is established according to the curve of the
magnetic flux distribution in the rail when the electromagnet is moved extreme-
ly slowly, i.e. YPen the eddy currents are so weak that the phenomena associ-
ated with them are negligible and the hysteresis phenomena associated with
magnetic reversal of the rail under the poles are manifested in full measure.

A comparison of this curve with the stationary magnetization curve shows
that hysteresis weakly affects the distribution of the magnetic flux in the
space between the poles when the electromagnet is moving slowly. Consequently,
those significant features which are observed when a rail is magnetized by a
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moving constant field source are caused primarily by eddy currents.

Distribution of the longitudinal component of the magnetic flux in the

e

rail head in relation to the shaded’poles of an electromagnet, similar in
performance to that used in the magnetic flaw detection cars, is Showﬁ in Fig.
35. These curves are constructed from averége values of magnetic flux in the
head of R50 type rail. Curve l'cérresponds to the instance of stationary mag-
netization. The other two curves- characterize the change of the magnetic flux
with regard to the eléctromagnetic poles moving at_a.spéed of 10 km/h (curve 2)
and 40 xm/h (curve 3). The direction of motion, indicated by the arrow to be
along axis X, at the same time determines the front (first) and the rear (sec—

ond) poles of an electromagnet.
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Fig.i35"The avéfage value of the longitudinal compoﬁent of magnetic
- flux in a rail head between the poles of an electromagnet.
:Thé:average value of the flux in the rail head does not give a full repres-
entation'of‘the features of rail magnetization in a moving field. Data which
characterize the méénetic state of the metal in the individual layers of the

rail head hold great practical interest for the purposes of flaw detection.
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These data are presented in experimental investigations carried out by the
Novosibirsk Institute of Rail Transport Engineers and by the Uralsk division
of the TsNII MPS¥, using model testing.

The results of the investigations indicated are presented in Fig. 36 in
the form of curves for the distributioﬁ of the longitudinal component of the
induction vector along a length of rail in a surface layer having a lower
boundary at a depth of 5 mm, and in a surface layer with the upper boundary
at a depth of 15 mm and the lower boundary at 18 mm. On the same figure, curve
1 1is also presented, showing the average induction values in the (rail) head
during stationary magnetization. Curve 2 shows the distribution of the induc-

tion in the surface layer when the electromagnet is moving at a speed of 41 km/h.
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Fig. 36 Distribution curves for the longitudinal component of the
magnetic induction in the rail head in the surface 1ayer
and in its central section.

#Central Scientific Reésearch Institute, Ministry of Rallroads.
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A comparison of curves 1 and 2 shows that the longitudinal component of
the induction in the surface layer at a speéd of 41 xm/h preserves values close
to those for stationary magnetization and has the same direction (positive)
between the poles. Thus, an increase in the speed of the magnetidAfield source
to L1 km/h has little effect on the distribution of the longitudinal component
of induction in the surface layer of the rail head.

The remaining curves in Fig. 36 relate to the center part of the rail
head, as.determined above, and correspond to the following electromagnet speeds:
curve 3 - 14 lkm/h; curve b = 27 km/h; curve 5 - 57 km/h.

It is not difficult to notice that bétween the pbles, this series of
curves is distinct from the’previoﬁs ones not only with regard to the values -
of the induction vector, but also with regard to its direction in various
sections of the rail head.

Thus, for example, even at felatively small electromagnet speedé (1% xm/n,
curve 3), the magnetic induction vector in the zone of the first pole has a
negative direction, i.e.. oﬁpoéite to the direction taken as positive for
éurves'l'and 2, All curves of this series pass through the zero induction
value, the'point of the zero induction value' being displaced.to the sidebof
the second pole athhe speed dethe magnetic field éburce'increases.

In the center layer of fhe'ﬁeéd, the zero induction value exists“éimul-
taneously with hiéh values of induction in the surface layer of the head Wﬂich
are independent of the speéd for practicél ﬁurpqses.. This iﬁdicates that mag—
netization of the rail by a moving constant field is accompanied by a Stfongly
pronounced surface effect (i.e. the magnefic skin-effect).

The values of magnetic indﬁétion in various layers of the rail head depend -
not only on the épeed of the magnetizing field source of the electromagnet,

but ‘also on the value of the intensity of this field. A higher field intensity
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leads to an increase in the values of magnetic induction at all speeds examined
above,

The given features of rail magnetization in & moving constant electromag-
netic field show that for the detection of internal flaws, the best conditions
are those in the zone of the second pole of the electromagnet where the induc-
tance in the head preserves a direction which is identical to that in the-
surface layer, and has an adequate value.

5. The Magnetic Method

The possibility of detecting flaws by the magnetic method is directly
associated with the formation of a clearly expressed non-homogeniety of the
magnetic field in the zone of the flaw. In order to clarify this phenomenon,
we will imagine the object to be tested to be made in the shape of a long
cylindrical rod with the external, homogeneous magnetic field_He directed
along the rod, i.e. 1t is the same as is the field inside a long coil, through
which an electrical current passes.

We will assume that the material of which the rod is made is homogeneous
with regard to thismagnetic properties and that it has a magnetic permeability
equal to #1' In a homogeneous external magnetic field, the material of which

the rod is made takes on a maghetism Jl.

The magnetism vectors in the rod
will be parallel everywhere to those which generated it.
Further, we will assume that a certain short section of this rod includes

a small internal area made of a material, the magnetic permeability of which,

2

' ﬂ?’ is significantly less than ﬁ&. Then the magnetism J,. of the material

contained in this region will be less than the magnetism,Jl

of the remaining
sections of the rod. Therefore, a part of the magnetism vectors will break
off near the boundary where they encounter the internal area with magnetic

permeability,/.l.2 and begin again at the other boundary of that region. It is
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known that each end of a line of magnetism acts as a certain positive magnetic

charge, whereas each of its étarting points acts as a negative magnetic charge.
As a result, the bpundaries or the walls of the areas under examination

will be polarized by positive &and negétive magnetic charges, as is shown in

Fig. 37.
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‘Fig. 37 Diagram of the polarizafion of the walls
of an internasl area in a magnetized rod.
Eech magnetic charge creafes a magnetic field which is directed from it
as if from a center. It is not difficult to see that above the section within
vhich the areé simulating an internal defect is located, the total field of
the magnetic charges is directed in the same direction és is the external field

H , i.e. its effect is intensified. The total field of the magnetic charges

o

‘Eﬁ.is called the flaw field. By nature, it is concentrated, with a maximum
value of intensity directly over thé flaw. Detection of this field is the
basic principle of the magnetic method of flaw detection in magnetized.items.

The forms for practical use of the magnetic method are vefy diverse, on
the part of the methods for megnetizing fhe items being tested as well as the
means for indicating the flaw fields. In practice, two basic types of magnet-
ization aré uséd, polé‘magnetization and circular magnetization.
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Pole magnetization of rails is accomplished using either an electromagnet
or a permanent magnet.

In Fig. 38, rail magnetization by an electromagnet with a yoke (1) on
which there are magnetizing coils (2) connected with a direct or an alternat-
ing current source, are shown schematiqally. The fact that the closed force
lines of the magnetic field intersect the rail surface in two places (where
- they enter the rail and where they emerge from i£)'is charécteristic of the
type of magnetization. under consideration. In these places, magnetic fields
are formed: a north and a south. Therefore, magnetization in the field of
an electromagnet is called pole magnetization.

‘n the section located between the ends of the electromagnet yoke, the
rail is longitudinally mégnetized. In this section, transverse cracks obstruct-
ing the path of the magnetic field lines will be deteéted best of all. It is
-necessary tq\magnetize transversely &o detect crgcks whigh exténd along the

length of the rail.

C——— r—‘——i
. 8 2 .
2-_ 1
. ' ~

Fig. 38 Diagram of rail magnetization.

1. Yoke; 2. =megretizing coil
The shape of the electromagnet and its dimensions are set based on practi-
cal demands.

Circular magnetization is accomplished in the simplest instance by includ-

ing the section being monitored in a direct or alternating current circuit.
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Current-conducting brushes sliding along the running surface of the rail head

may serve this purpose.

/\

Fig. 39 Distribution of the magnetic force lines
around the rail during circular magnetization.

"It is known that when current flows, a magnetic field with closed force
“1ines is formed inside and around a conductor. The approximatevdistribution
of theimagnetic force lines during e¢ircular magnetization is shown in Fig. 39.
The force lines of this field do not intersect the surfacé of the rail, but
seemingly surround it, encircling the rail; therefore, circular magnetization
is called magnetization without poles. The magnetic force lines of a circular
field are perpendicular t6‘flaws oriented in the direction of the current. As
a result, when testing a circulérly magnetized rail by the magnetic method,
longitudinal flaws (splittiﬁgs, hairliﬁe cracks, cracks) will be detected best
of all.

A rail may be magnetized in a constant or a variable field. When a con-
stant field is used, the force lines of the magnetic flux are diétributed along
the enti?e section of_the rgil. Therefore, a consﬁant field is, as a rule,
uséd éo detect’internal flaws. When a variable field is used, only the surface
layer of the metai is magnetized, indicating the expedience of using_thisvmethod
té aecht'flaws emerging onto the rail surface.

As a result of the magnetic field effect, the rails remain magnetized.
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Their residual magnetism permits rails to be monitored using the magnetic
method without supplemental magnetization. On our rail lines, examination of
rails installed on the line usually takes place in the éxtérnal field of
electromagnetg_(with direct or alternating current) or in the external field
of permanent magnets.

The flaw field intensity depends on the type of flaw, the depth at wﬁich
‘it lies in the metal; the properties of the surrounding metal, and its;mggnet—
ism. This complex dependency has no exact methematical expression even for:
objects and flaws which are simple in shape. However, in praqtige, it_ig B
important to know at least the nature of this dependency ané the order of
magnitudes determining the flaw field intensity.

Wiﬁh this aim, investigatiqgqu the.flgw fields when the objects be;ng
monitored were statically magnetized were coﬁduéted by the Siberian Ipstitpte

~

of Applied Physiqs.- :
_The indicated dependency was studied based on a model having the form of
a pipe with an external diameter of 50 mm and an axial opening 15 mmrinldiam—
eter. Two élosely fitting cylindrical rods went into the opénings. The clear-
ance d between the!smooth ends of theseArods.siﬁulated an internal transverse
flaw situated under a layer of métal iT.S‘mm_thiﬁk; The size of the gap 4
could be varied by non-magnetic gaskets. The thinest gasket was 0.01 mm thick,
and the thickest was 5.6 mm. The model was magnetized ﬁy a constant field iﬁ\
the longitudinal direction; A gap d = 0.01 mm corresponded to a flaw havingl
certain similarities with an iﬁternal transversé crack in the rail head.
As the thickness of thé gasket was increased, i.e. as the clearance d
was increa;ed, the artificial flaw gradually took on the form of an internal
cavity with fairly substantial volume and dimensi&nS”iﬁwthe direction of magnet-

ization., ' s




Measurement of the flaw field intensity was conducted by the ballistic
method. The measuring coil reacted only to that component of the flaw field
which corresponded to the direction of magnetizatioﬁ. Consequently, the long-
itudinal component of the flaw field defect was’meaéured by thé.ballistic
method.

'The curves of theé longitudinal component of the flaw~fiéld intensity which
were constructed as a result of the measurements are presented in Fig; Lo.
Eéch’of these curves charactérize the dependency of the Tlaw~field intensity
E& on the intensity H of the'magnetiZing field for various values of the gap
width d.
| The area of the sharp rise in the magnetization curve of the material
from which the described model was made corresponds to the interval of the
values of H (from approximately 12 - 40 amp/cm). Tgéhnical saturation of the
ﬁaterial for the model(is reached for values of H exceeding hb”amp/cm;
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Fig. 40 Graph of changes in the field intensity H
over an artificial flaw at various £
values of gap width d.
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The three lower curves show that over defects having the shape of trans-—
verse cracks, the size of Eg.reaches a certain limit value with an increase in
the field intensity. Growth in the field intensity fg_ceased when the material
from which the model is made reached saturation. When the gap d was increased,
the nature of the changes of the field E& approached a linear dependency on
the size of H.

These curves show that fields ﬁg corresponding to flaws having the shape
of a narrow internal crack have'the least intensity. Therefore, in comparison
to the detection of flaws with great volume, detection of such cracks by the
magnetic method will always cause great difficulty. |

The clearance ﬂetween the walls of an internal transverse crack in the
rail head is only a few thousandths of a millimeter in thickness. The MRD flaw
detector serves to detect such flaws using the magnetic method. The perm%nent
magnets of this flaw detector magnetize the rails along their length, ier in‘f
theé longitudinal direction.

A magnetic induction on the order of E_é 0.35 tesla, which is several
times less than the saturation induction of rail steel, is created in the
heads of heavy type rails between the poles of a magnet. Data characterizing
the distribution of the magnetic fields above the transverse cracks at the
indicated values of magnetic indpction are presente@ below.

Above the running surfacé o%féhe magﬁetizéa rail, in addition to the
fields caused by flaws, there is alwayé theAdispersion field HO of the perma-
nent magnet. Therefore, when monitoring rails in the external field of a
permanent magnet (or of an electromagﬂét); flaw detection using the magnetic
method is reduced to searching out concentrated flaw fields on the background

of the dispersion field of a permanent magnet.
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Fig. 41 Graph of the change in intensity of a_magnetic_field
over a rail head with a transverse fatigue crack.

In most cases the field creating:thg background is much stronger than the
local flaw'field. As an example, Fig. 41 shows a graph of the éhange in the
intens%fy of £he longitudinal component of a magnetic field over a‘seétion of
a rail, in the head of which was found the transverse fatigue crack illustrétea

in Fig. k2.

[

Fig. 42 Rail fracture with a transverse fatigue crack.
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The measurements were conducted along a line passing through poipt m,
under which the transverse crack was situated at a depth of 2 - 3 mm. The -
average value of the dispersion field intensity of the magnetAHo is' 7.8 amp/cm
(the horizontal dash line) for the section of the rail being.e;;gined. The
local flaw field, ng with a maximum intensity.ﬁg-equal to 10.8 minus 7.8 or
3 amp/cm, is isolated distinctly enough on the background of this field.H‘The
intensity E&. decays rapidly with distance from the crack (to e;ther side
along the length of/the rail). On the section of the rail with the tragsverse
crack, the local field Eg.is detected not only over the running surface of the -
rail head, but"on the lateral surface and under the head as well. *

A graph of the change in the intensity of the longitudinal component of
the field Hg-near the latéral edge of the head with the saﬁe transverse crack»
is given in Fig. 43. This graph is constructed from meaéurement data téken at'
pqints distributed in the lower.section of the 1§teral edge vhere the crack
was situated at a distance of 3 -~ 3.5 mm from.the surface, |

According Fo this graph, ES is 7.2 amp/cm and fg.is 2.8 amp/cm. A graph
of the change in the field ﬁg.under~the head of the defective ?ortion of the
rail will have approximately the same charécterisfics{

Values of Eg.measured at a distance of 2.5 mm from the rail head are
indicated on all of the graphs. The data which are preéented show that over
a crack having fairly significant dimensions, and one which is situated inside
the head at a relatively great distance from the running surface and from the
lateral edge, the fieid E& is isolated distinetly enough ovgr the level of the
dispersion field 6f the pgrmanent magnef Ho' However, as the dimensions of
the crack decrease and as the depth at which it is situated increases, the
field Eglweakens noticably. Thus, for example, for transverse cracks with an
area equal to 25% of-the cross section of the rail head and situated in-the
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head at a depth of 5 mm, the field.EE‘has a maximum intensity equal to 0.8 -
1.0 amp/cm, the dispersion field of the permanent magnet maintaining its form=~
er level.

In addition to what was said about the changes in the field Eg-alongnthe
length of the rail, we will examine the dependencies of this field as the
distance from the surface of the rail head increases. With this in mind,
three graphs;,each of which was constructed from the results of measurements

of the field H_ at a definite distance from the surface of the head are given

in Fig. k4b. B, + H,, amp/cn
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Fig. 43 Graph of the changes in the intensity of the magnetic
field near the lateral edge of a rail with a transverse crack.
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Fig. 44 Graph of changes in the field intensity along a
length of rail at various distances from its surface.
Point one (1) on the graph corresponds to values of ggameasured at a dis-
tance of 2.5 mm from the surface of the head. Values of ﬁg_are given for dis-
tances of 4 and 6 mm from the same surface on the other graphs (points 2 and 3).
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The graphs in Fig. 44 show that as distances from the surface of the head

increase, the level of intensity of the dispersion field of the magnet (HO, HO',

and Ho") increases.

Along with this, values of the field intensity Es-diminish noticably,
e.g. along curve 1 at a distance of 2.5 ﬁm from the surface of the rail head,
the maximum value of f5.= 1.8 amp/cm (the transverse crack had smaller dimen-
sions than in the previous rail). As this distance is increased to 6 mm (curve
3), the maximum value of ﬁgiequals 0.7 amp/cm. All of this shows that when
nmonitoring rails using the magnétic method, the flaw detector probe should be
situated as close to the surface of the rail as is possible.

When analyzing the graphs, the flaw field was evaluated quantitatively
by the magnitude of the intensity of the field's longitudinal component at
‘individual points in the defective section of the rail. The graphs which
are presented were constructed from measurements of the field intensity
magnitudes made by means of a magnetometric circuit with miniture ferro-
probes.

The difference between the sizes of the field intensity in two neighboring
points along & length of the rail may also serve as a second parameter charac-
terizing the change in the flaw field.

Magnetometric ferroprobe circuits, serving for the experimental determin-
ation of the difference in the sizes of the field intensity at two neighboring
points along the rail length, are called gradienters. In essence, it is not
the field gradient, but the difference in the size of the field intensities
Hg - H'g =AHg in two neighboring points which is determined by the ferroprobe
measuring circuits.

The ferroprobe sensor systems of magnetic rail flaw déetectors also react
to the magnitude of AH .

—£
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Thus, the flaw field at its various points may be characterized quantita-
tively by the size of E& or by the size of Hg - H'g =AHg.

We will see which of these quantities is more advantageous from the point
of view of flaw detection using the magnetic method. In addition, we will point
out that flaw detection in rails must meet with such changes in metal structure
as are not accompanied by any kind of external signs, and therefore remain
unnoticable to the eye. These changes in structure are detected by the magnetic
method. Therefore, instances in which the field fﬂ_ above a dangerous trans-—
verse crack which does not emerge onto the surface of the rail head are errone-
ously evaluated as the manifestation of a non-homogeniety in the metallic struc-
ture are not excluded.

Graphs of the changes of the longitudinal component of the field intensity
over a portipn with a transverse crack énd over a portion with a non-homogeneous
metallic structure are given in Fig. 45 for comparison. The sectibn occupied by
the field of a flaw having the shape of a transverse crack is usually from 2 -
2.4 em. As opposed tb this, a local non-homogeniety in the metallic structure
occupies a relatively larger section along the length of the rail.

In spite of the fact that these fields are distinct in form, they may have
an identical magnitude of intensity. Then the maximum size of ng in both
instances equal to 5.2 amp/cm, would not permit us to determine which of the two
fields is cgused by the crack. Let us see what another quantitative indicator,
which characterizes a non-homogeneous magnetic field, may give for searching out
a crack in such a case.

Thus, for a field caused by a crack, the size of,éfﬂi for two points at
a distance 6f 1 =1cm is equal to 3.9 amp/cm. In comparison, on the section
with the structural non-homogeniety, {83% for the same value of 1 is 1.7 amp/
cm.
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Fig. 45 Graph of changes in the field intensity on
a section of the rail with a transverse
crack and with a local non-homogeniety
in the metallic structure.

As must be expected, the concentrated flaw field is distinct from the

other field because of the higher value of AH_ . This may also serve as a

feature aiding us to detect the internal defect in a rail with a non-homogeneous

metallic structure. The field over the transverse crack may have a concentrated

nature not only along the length of the rail but also across the width of the
head.
Thus, for example, a curve of the change of ﬁg-,over a small crack situ-

ated to the side of the cross section of the rail head is shown in Fig. L6.

This curve was obtained for points situated at a distance of 2.5 mm from the

surface of the rail head. The field caused by the crack is concentrated over

the flawed portion of the head cross section, and, in points in close proximity
along the width of the head, the influence of the crack is not felt for practi-

cal purposes. Therefore, the detection of cracks situated to the side of the

rail head by the magnetic method causes great difficulty.
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So-called probes serve to detect the local fields ﬁg: A multiturn coil,
with or without an iron core, is the simplest type bf probe. If thisvtype of
coil is moved over the surface of a rail along with the magnetizing apparatus
of a flaw detector, an emf impulse will be excited across its ‘contacts on the
Asection where there is a field Eﬁ. |

In. the casejwhen the magnetizihg'apparatus, which is creating a permanent
y%égnetic field, is immobile,>it is necessary to bonvey an oscillatory or a
‘rotational motion to the probé.éoii>to';icifé‘éhéheiéétrpmotive force. When
ﬁagnétizing parts with a variable magnetic field, tﬁe neééssity:foridisplace—
ment, rotation; or oscillatory motion of the'probe coil decreases inasmuch as
the electromotive force ﬁill be excited even whén the(probe coil is‘not in
motion.

In the practice of flaw detection uéing fhe magnetic method, probe
assemblies using ferfoprobes.éimziar to thése which ére éxamined below in the

section relating to the MRDIflaw detector to perform’as mégnetosensitive ele-

ments have found broad application.
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Fig, 46 Graph of the changes of the field intensity across
" the width of a rail head with a transverse crack.
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The ferroprobe type sensor, either in motion or at rest, has a high sensi-
tivity to a permanent magnetic field. TFerroprobe type sensors monitoring -
changes in the difference of the magnetic field at two points distributed along
the length of the rail are used to detect transverse fatigue cracks.

6. The Eddy. Current Method.

The detection of flaws in metal components using eddy currents is based
on the law of electromagnetié induction, according to which a variable magnetic
field excites eddy currents in thém. |

As is known, eddy currents are locked inside the thickness of metal and
therefore cannot be used directly for the detection of flaws. Therefore,
observationhof thosé prbcesses whiéh alwa&s accompany eddy currents and which
may be observed outside of the component being monitored is taken as the basis
of the eddy current method. The variable magnetic field in the component
being monitored'is created by means of a magnetizing coil which is fed from
an alternating current source.

When examining the eddy current method, it is necessary to keep in mind
that a variable field, even at a relatively small frequency, penetrates only
into the surface layer of the component.

" The eddy current methoa‘envisages two distinet means for magnetization
of the component: in the field of a "pass-through" coil, and in the field of
a "superimposed" coil. The first type of coil serves to magnetize components
which are placed into its opening or which are passed through it. A coil of the
sécond type is placed with its 5utt-end to the surface of the part during the
monitoring process.

Corresponding to the type of coil which is used, variations of the eddy
current method have developed: the method of the pass-through coil and the
method of the superim@osed coil; For obvious reasons, only the~superimposed
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coil method may be used for monitoring rails which are in place on the line.
To clarify the main point of the eddy current method, let us imagine a
flat superimposed coil gituated at a distance from all metalic objects. The

resistance Ro'and the reactance XO = ULO are the basic parameters of this
coil.

A magnetizing coil is fed by an elpernating current and excites a vari-
able magnetic field of definite size and phase. This field is the primary,
Vand it depends only on the number of turns, the dimensions of the coil, and
the size of the alternatlng current pass1ng through it. Further, we will assume
that the flat superlmposed c01l is placed with its butt—end to the surface of
.a metalic part, the dimensions of which are much greater than those of the
coil. Accordlng to the law of electromagnetlc 1nduct10n, eddy currents, the
closed contours of which enclose the lines of the variable magnetic field,
will arise in the layep of metal adjacent to the part. The eddy currents,
as do any type of electrical currents, create their own magnetic field, whicn
is the secondary, in distinction to the field of the coil. According to Lentz's
law, the veriable secondary field is opposed at every moment to the primary,
i.e. it acts against it - The 1nteractlon of the eddy current field (the sec-
ondary field) Wlth the field of the coil (the primary fleld) causes sa change
in the electrical parameters.

Actually, energy ‘losses due to heatlng—up of the component by the eddy
currents 1ncrease,~1 e. the re31stance of the coil, the value of which becomes
equal to Rl, increases. Depending on the material (magnetic or non—magnetic)
in which the eddy currents afe excited, the inductance, the size of which‘

becomes equal to X =&JL1,_ grows or diminishes.

1
In this manner, the presence of eddy currents in the component being
monitored may be established indirectly by measuring the electrical parameters
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of the magnetizing coil. One must note that a change in the inductance of
the coil wheh monitoring a non-magnetic material (a light metal) takes place
in a manner different from when monitoring a magnetie material.

In a light metal, the opposing field of the eddy curreﬁts”decreases the"
primary field of the magnetizing coil. In a magnetic materialj, in spite of
the demagnétizing effect of the eddy currents, the resultant flux in the magnet-
izing coil is, for practical purposes, greater than the priméry'flux dué‘tO'%he
magnetic properties of the substance. Consequently, in the first case the
inductance of the coil decreases, while in the second it increases.

Change of the electrical parameters of the magnetizing coil depends on the
electrical conductivity d and the magnetic perméaﬂilitylFfof'the metal on which
the coil is mounted and on the frequency of the magnetiZing current, as well
as the thickness of the'metal'iayer‘under the coil. The éreater the electrical
conductivity of the metgl and the higher the” current frequency, the greater
will be the degree t6 which the coil parameters change. Along with this, the
higher the current frequency and the greater the electrical conductivity of
the metal, the smallér will be the depth to which the eddy currents penetrate.

A crack or other flaw disrupting thecontinuity: of the surface layer of metal
is an obstacle for eddy currents. Such an obstacle exerts an effect similar to
the effect of a sharp decrease in the electrical gonductivity'of the metal,
which is correspondingly reflected in the electrical parameters of the magnet—
.izing coil. The influence of metal thickness is  felt only in those cases in
which it is less than the depth to which'the eddy currents penetrate in the
given metal.

The selection of -an optimal frequency for the magnetizing field for flaw
detection in metals with definite electrical conductivity and magnetic properties
is determined primarily by the depth at which the cracks which are to be detected

92



are situated. Inasmuch as only that layer. of metal adjacent to the éurface .
of the part is subjected to monitoring, to detect cracks at a minimuﬁ depth,

a sufficiently high frequency is selected so that the depth to whichgthe eddy
currents penetrate should not exceed a fraction of a milliméter. |

The high sensitivity to changes in fbe distancé between. the coii and the .
surface of the component is one limitation of the method when using ﬁhe_Super;
imposed magnetizing coil. Aé_a result, the presence of intermediateélayers
(oxide films, protective coverings, etc.) as weli as roughness of thé surface
of the component being checked, result in substantial changes in eleétrical
parameters of the magnetizing coil.

Various types of circuitry Whiéh are assumed to be basic for fléw detec—-
tor construction have been proposed for. observation of the change in;the
electrical parameters of the superimposed coil inlthe‘processAof-usiﬁg fléw.;
detectors on metallic parts. .In one of thesé ciréuits, the. superimposed coil
is connected to the arm of an alternating current bridge in series with a
variablé capacitance. The remaining arms of the bridge contain resigtances,
one of which_ig variable. The alternafipg,current voltage is fed to the bridge
diagonal. The magnepizing coil, at the same tiﬁe,playiﬁg the part of the sensor
coil, is placed with its butt-end on'the surfaceldflthe part in .a pl%ce where
there are no flaws in the part. Then, with the aid of the varisble éapacitance,
the arm of the bridge with the magnetizing coil is brought into a stéte of.
resonance, as.a result of which the impedance of ‘the arm. becomes purely active,
and the current in the arm is in phase with the voltage. After this; the alter-~
nating current bridge is balanced in the usual manner. .

If the part Was,ﬁadé from a ferromegnetic material, displacemgné of the
coil to a: defect site leads to an increase in its,inductance.-,Reson%nce in<the
arm of the bridge with the magnetizing coil and the capacitance will%be destroyed
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as a reSultL The impedance of the arm wlll have an inductive nature ‘whereby
the current will lag in phase behind the voltage at a certaln angle @: ‘ln
the bridge c1rcu1t, a sharp 1ncrease.1n the voltage of the brldge 1mbalance
and of the phase shlft angle between thls voltage and the voltage of the gener-
-ator is observed when the 1nductance of the magnet1z1ng coll changes 1ns1gn1f—
1cantly - |
’ In thls manner, an effect cons1st1ng of a change rn the electrlcal para—
meters of the superlmposed c01l under the 1nfluence of the eddy currents, .
permlts us to accompllsh flaw detection uslng two electrlcal parameters, the )
size and the nhase.of the 1mbalance voltage in the d1agonal ot‘the brldge .
circuit.,

Among the other familiar circuits,tthe circuit with two coils, a magnet-—.

izing coil and a measuring c01l, 1s of practlcal value for flaw detectlon u51ng

the eddy- current method The c01ls»are fastened together rigidly, and, as a

. whole, comprlse a dev1ce 51m11ar to the ¢oMmon superlmposed type of coil.
. ; -

When such a device is mounted‘on;the;surface‘of“aﬁmetalllc’part, eddy currents
arise within it, the turns of;the magnetl;lng coil en?onpasing the resultant
flux caused by the interaction;o} theﬁﬁagnet?zing fieldéand the eddy current
field. The system consistlng?of"tvogbodls;ras ﬁélr;ai the bridge circuit,
permits flaw detection to be accomplished aﬁ”thé’b;éié of"twoggarameters,
namely the size and the phase of the electromotive force in the measuring coil.
The latter variety of the eddy current method is taken as a basic princi-
ple.for the operation of rall;flav detectlonihaséd“on?alternating current. The
magnetizing apparatus w1th a flat core (l) and a coil (2) are)contalned in the
c1rcu1t of th1s flav detector (Flg. hT) Turns of‘the neasurlng c01l (3) are .
placed over the magnetlzlng coil and the core.’ As may be seen from F1g h7,'

the turns of these c01ls are s1tuated in two mutually perpendlcular planes.
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The alternating current in the coil (2) excites a variable magnetic field
in the goré (1) and ﬁhe surrounding space.

' On the éfrength of the chosen érrangément of the coils, the pfiﬁary.mag-
netic flux in the core will not-excite an electromotive force in the measur-

" ing coil(3). In other words, in the‘magnefizing apparatus, the coil (3) does
not registér tﬁe variabie magnetic flux in the cofe.> Ali of this will be
obserVeQ vhile the magnetic symmetry of the system being examined is preserved
réiative téAfhé neutral axis passing thfough the center of the coré andAthe mag-
netizing‘cdil..'Magnetlc symmetry presupposes an identical distribution of the.
llnes of the magnetlc field in the core and in the space surr;undlng it to.

either side of the neutral ax1s.

“M/

kﬂFig.'hT Diagram showing rail monitoring
using the eddy current method.

‘The magnetfiiné deviée is mounted over the rail head so that the longitud-
inal axis of the core 1s dlrected along the rall The varlable magnetlc flux

passing through the coil (2) excltes a prlmary magnetlc fleld which makes a
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flux closure through the core and the section of‘rail being monitoréd. Closed
eddy currents which vary in time with the-frequency of the primary field arise
in the surface layer of-fhé reil under the influence of the variable maghefic
field. |

We will assume fhat the magnetizing device is situated over a sectiﬁn'
where the rail contains no flaws and is entirely homogeneous in electrical and
magnetic properties. Eddy currents, the identical- contours of ﬁhich'will be
symmetriéally distributed relative to the poles of the core (1), will arise in
the surface layer of the raillﬁnder the influencé of the primary field., As a
result, the inherent fieid of the eddy currents, which oppoééS”the primary
field, will not'disturb'the magnetic symmetry of the magnetizing appafatué;
and the electromotive force in the coil will remain close £o zero, as was the
case earlier. However, this does nét mean tha§1there are no éomponénts of the

field capable of inducting electroﬁotive-forces in the coil (3) in & system

S tein e v, e Py S 5 e e Ty o

withtﬁééﬁekgé s&mﬁéé}&;“.The pregeﬁée of fﬁeg;'éémiohéhfs hay'ﬁétfﬁé eiéiudéd;f
but the electromotive forces caused by them in the‘coil (3) will be identical
in size and in the opposite direction. Movement of the magnetizing device leads
to a displacement of the eddy current contours in the rail.

A crack on the rail surface disturbs the normal picture of the distribu-
tion of the eddy currents, the closed paths of which take on a form schemafically
represented in thé left part of Fig. 47. The eddy current field causes a redis-
tribution of the primary field under one of the poles of the magnetizing device,
destroying the symmetry of the magnetizing system which existed earlier, and
an electromotive force will appear in the medsuring coil (3). In this case,
changes in the phase of the electfomotife force in fhe measuring coil are not
taken into cbnsideration. |

In practice, the eddy éurrent method for rail flaw detection is accomplished
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by means of a variable magnetic field with a frequency of 500 Hz. The. eddy .-~
currents caused.by this field have a.maximum density on the rail surface,_énd“
they penetratethe metal only to a depfh of tenths of a millimeter. It is
because of this that only cracks which emerge onto the rail surface may be .
practically detected using the eddy current method. However, this inadequacy
is:.compensated: for in part by certain merits inherent in thé eddy current
method. The possibility of detecting,adgquatel& developeq cfacks_not only‘onv:
the surface of . the rail head, but. in the web must be included amohg these
merits. In practice, instances in which cracks have also been detected in

the lower fillet-have also been ‘noted.

.Eddy qPrrents in rails may be-simulated not qnly by a variable, but also
by a constant magnétic field.. In this case, it.is necessary that the constant,
field be displaced relative to the rail. The eddy current method of flaw
_detection, with the use of the. constant field of an electromagnet moving over

the head of the rail being monitored, is described in the fourth chapter.

et FS O T e
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CHAPTER IIT -- MAGNETIC RAIL DETECTION (MRD) TYPE FLAW DETECTORS

1. Intended Use and Working Principles of the Flaw Detectors.

Removable, two-channel MRD type rail flaw detectors are deéignated for
monitoring rails in place on the line. A permanent magnet is placed above
each rail between the wheels of the flaw detecto? carriage and the raii is
magrietized longitudinally by this magnet.‘

The magnetic field above the surface of the magnetized rail head is
'received by the probe apparatus. The véltage which{ariées at its output passeé'
to the flaw detector amplifier situated in the center part of the carriage
frame, where the power supply sources.fo; the plate circuit and the filament
circuit are also‘located. The presence of flaws in the rail is noted by a
sound signal in the headphones and by the déflection_of a milliammeter needle.
The flaw detector reacts to flaws both Wheh'in métion and at rest.

The foliowing transverse flaws in the rail head may be revealed by the
MRD type flaw detectors: breaks with no visible flaw in the fractures*(flaw
type 79.1-2); cracks from wheel‘slippage (flaw type 27.1-2); and fatigue cracks
in the form of light or dérk spots (flaw types 20.1-2; 21.1-2; 24.1-2; and |
25,1-2) located under the surface of the rail head at a depth of 4 mm or.less.

Work with the flaw detector is conducted at'theyaverage.speed of a pedes-
trian (3—h-km/hr), '

2. The magnetic rail flaw detector MRD-52,

Block diagram of the flaw detector (Fig. 48). The master oscillator (1)
is a typical vacuum tube type oscillator having stable vibrations with a frequen-
cy range of 5500-6250 Hz. The oscillator is common to both rails, and it feeds
the windings of the devices on the right and the left side with alternating

current through a power amplifier.

¥i.e. brittle fractures -—- ed.
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The oscillator power amplifier (2) is a tube~type amplifier which permits
the power of the master oscillator to be amplified to the desired value.

A step~-down transformer is mounted at the output of the oscillator power
‘ amplifier. The center tap of the secondary transformer winding is grounded.

The probe assembly (3) consists of two probes mounted on metal collector
shoes and balancing screens {(not shown in Fig. 48). Each of the probes in the
probe assem?ly has two magnetésensitive elements in the form of the ferroprobes.

Alternating}currents passing through the ferroprobe windings stimulate a vari-

Permenent magnet
AN

N,
L

777777
4

N

A
a 1
A

Fig. 48 Block diagram of the MRD—52 type flaw detector.

At their center taps, the electrical‘ciréuits of.the probes are connected
to the input resonance circuit of the following unit. The probe assembly is
intended, oﬁ the whole, for searching out supplimentary magnetic fields arising
above the head of defective sections of the rail.

The resonance amplifier (4) consists of the amplifier tube and two oscil-
lation circuits; the inmput C8-L2, and the anode C12-L: (cf. Fig. 48). Both
circuits aré tuned to a frequency twice that of‘the'osciliator fféquency.

The oséillétion circuits and the amplifier tube comprisé the resonance

amplifier, which is intended for amplification of the voltage of the doubled
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frequency. This voltage arises on tHe terminals oflthe ferfopnobe Windings
when a constant flaw field is superlmposed on the constant auxillary f1eld in
the coils. Thls instance corresponds to the‘condltton of the core magnetiza-
tion represented on the graph in Flg. 32.

A lon—freQuenc& amplifier (5), with a signaling de#ice, is intended for
final ampiification“and rectification of the doubied toltage. The amplifier
has® one tube, in the anode circuit of which a milliammeter and the winding of -
a polarized relay are connected..:The?headéetvie connected'through the contacts

of this relay.

Fig. 49 General view of the MRD-52-TsNIT type flaw detector.

The units which have been described are mounted in one apparatus.box,
where the power supply unlts for the piate c1rcu1t and - the flllament circuits
of the osc1llator and the ampllflers are also located

A general v1ew of the MRD-52 type flaw detector with the descrlbed block-
circuit is shown in Fig. h9,_

@he,flaw'detector’s_magnetizing'device and rail magnetization. Two assem~.

bled permanent magnets, situated above the left and the right rail of the track,
serve for rail magnetization in the MRD-52 flaw detector. Each magnet consists
of two bars (1) (Fig. 50) made of a Magnico alloy, and a yoke (2). of soft
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annealed iron completing the circuit between. them. The magnets of the left
and right rail of the track are turned so that the same poles point in the

same direction (it makes no difference which direction).

T
l n."lé; ! LU‘ !
%0
- | L6 190 80 -
! ]

,L'—W—j
‘Fig, 50  Sketch of the assembled permanent magnet.

Each Magnico bar has a cross-sectional dimensions of 6 X 6 cm and a height
of 8 cm. The Magnico bars are enclosed in aluminum casings with walls 2-mil-
limeters thick. B}

Under the poles of the magnet, between tﬁé surface of the case and the
running surface of the rail.head,‘there are clearances of h.5 - .5 mm. Rgla—
‘ tively large clearanqes are ne&essary.for‘the flaw detector to pass along a .
track with joint connections having a substantial elevation of one rail end
relative to the next.
dThe alr gap between each of:the poles; téking into consideration the thiqkf
ness of the casing wallé, is 6 - 6.5 mm.

The Magnico élloy is related to the éategory af cobalt stgels. iron,
nickél, cobalt,”alluminum and copper go into this alloy.

. This alloy acquires the necessary magnetic properties only after thermo-
mégnetic p?ocessing, which corsists of cooliﬁg the bars in a sﬁrong permanent
magnetic field. ;he field of the thermomagnetic prqcessing should correspond
in direction to the field in which the bars will subsequently be magnetized.

A prefered direction, in which the residual induction and the coercive force

have higher values than in the other directions, is created during thermomagnetic
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After thermomagnetic'processing, thelMagnico bars are demagnetized and
then subjected to mechianical processing,'which'COnsists of polishing the end-
surfaces. Then the magnet is assembléd, the bars being fastened to the soft
iron yoke. The assembled magnet which is thus obtained should again be mag-
netized in a closed magnetic circuit.

This type of circuit is created by cdhnecting the free ends of the assem-
bled magnet with the massive auxillary ybke.

The constant magnetic field necessary for saturation may be obtained by
putting current—-carrying coils on the bars. Let us assume that in the closed
circuit of the assembled magnet, a magnetic field is created, the intensity
of which gradually increases from zero to a positive value Hm. Under the influ-
ence of the strengthening field H, magnetic induction in the magnet material
wiil change according to curve g_(Fig. 51). After the intensity of the magnetic
field has reached a known value Hm, corresponding to the induction‘of magnetic

saturation Bs’ further growth in the induction ceases for practical purposes.

As the intensity of the field is decreased from Hm to zero, the value of

the magnetic induction will be determined by the ordinates of curve b, located
everyvhere above curve a. As the magnituderf the field intensity is decreased

to zero, the magnetic induction decreases.to a residual induction value Br'

The process of magnetization for the assembled magnet terminates with this step.

If, as the saturation induction BS is being attained, the magnetic field

intensity is decreased to zero and then the magnetizing field source is switched

off, the residual induction will have a value of Br while the magnetic circuit

of the aséembled magnet remains closed. Then the permanent magnet is removed
from the auxillary yoke, making the circuit with its ends. As the magnetic
circuit is brokeh, the assembled magnet automatically comes to another magnetic

state determined by the values Hd

and Bd’ relating to one of the points on thé

demagnetization curve. 103
L



The shift to the region of negative values for H is explained by the fact
that when the circuit of the assembled magnet is broken, magnetic poles érise
on the free ends. Under the influence of the‘poies-which are formed, an inter-
nal magnetic field which is negative, i.e. demagnefizing in direction, will
appear in the magnet body: Thus, demagnetization may take place solely under
the influence of the magnetic fields which are formed, and may exclude:the
influence of an external negative field. ‘ o . -

We will assume that the intensity of the'intefnal demagnetizing field is
equal to Hd' Then the induction 4 (point P) will correspond to this value

of field intensity on the demagnetization curve. Consequently, as a result of

the break in the magnetic circuit, the residual induction Br will decrease to

a value‘Bd.

Fig. Sl'vA part of a hysteresis loop corresponding to fhe
" process for the formation of a permanent magnet.

And so, the ﬁrocesslfor forming a permanent magnet includes the following
stﬁges: o S
1. Meagnetization of the material of the magnet to a_saturation‘inductiont.Bs

byian external field in a closed circuit o
2; Reduction of the external field to zero and formation of thé residual induc-

tior'Br'in the magnet material
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3. Breaking the magnetic.circuit and forming the internal demagnetizing.

field Hy-and the working induction By
§r | Bys tesla
(N
Py =06
"] 04
/ N
g2
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H, aop/em 00 200 W50

Fig, 52 Demagnetization curve for an assembled magnet when
its magnetic circuit is broken.

In a magnet composed of diffefént"metals, only the Magnico alldy possesses

high values for the residual induction and the coercive force Hc. These pro-

perties of a Magnico alloy will also determine the quality of the assembled
magnet. A demagnetization curve for a Magnico alloy with average values of

400 amp/cm for Hé and 1.1 tesla For B, are shown in Fig. 52.

It has been experimentally established that after the magnetic circuit

of an assembled magnet has been broken, the field intensity Hd

is equal to

375 amb/cm, while the induction Bd in the elements of a magnet made from Mag-

nico is equal to 0.38 tesla. Co;;;quently, point O will correspond to the
state of the assembled magnet along the demagnetization cufvé.

As the poles of the magnet are brought near the rail head, and with an
air gap of 6 - 6.5 mm, induction in the Magnico bars increases to & value of
g_equal‘touOuS tesla, whereas the negative field intensity falls to a value E
equal £;Ml30 amp/cm. The point lying to the left of P corresponds to the clear-
ance of 8 mm between the-poles and the surface of the head. The point lying

(

to the right of P corresponds to a clearance of 4 mm. The three indicated
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points and point O lie on one line, called the line of regression.

As the magnet approaches the rail, the increase in induction does not
take place according to the demagnetization gurye ?Ef'EEf but along the line /
of regression. As the‘magnet is removed from the rail, induction and field ' (
intensify acquire their former:values, corrgsponding to point 0. For the
given construction and form of the assembled magnet, it is impossible to rise..
above point O along the demagnetization curvél |

With the normal working clearance under the poles of the permanent magnet,

the magnetic induction will have the values given in Table L,

] Table b
. Cross—sectioh £ Average value of ‘the mag-
Rail Type worn head, em” netic induction, tesla

R65K ’ | . 28.0 - 0.30
R50K 25.1 , - 0.35

RU3K 24,1 ‘ : 0.40

The values of the magneﬁic induction indicated in Table 4 constitute only
20 -~ 25% of the saturation of rail steel.

A permanent magnet has dispersibn, i.e. part of the magnetic force lines
between its poles passes through the air immediately above the running surface
of the rail head.

| Thg interisity Ho of the 1ongitudinal‘component of the dispersion field of
a permanent magnet in the zone in which the flaw detectors are situated reaches

8 - 11 amp/ecm for rails from different plants:(experimental data).

The ferroprobe and its working principles. The flaw field arising on

the background- of a étronger-dispersion field between the poles of a magnét is

~
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received and isolated by means of probes. The magnetosensitive elements in
the flaw detector probe assemblies are called ferroprobes.

A ferroprobe (Fig. 53) has a coil (1) with a multi-turn winding, inside
of which is a core made of a nickel-iron alloy. The ferroprobe winding is
" connected to an oscillator (2), producing a current of frequency f. An alter-
nating current which stimulates a magnetic field changing with the same fre-
" quency ﬁ_(the auxilary field) in the core, passes throﬁgh the ferroprobe
winding. A resonance circuit (3), tuned to a frequency 2f is connected to
the ferrobrobe winding. A resonance amplifier (L), at the oﬁtput of which is
a measuring device, folléﬁsﬁthe reéonénce circuit.

The resonance circuit and resoﬁaﬁce amplifier serve to isolate the second
harmonic component of the electromotive force which arises in the ferroprobe
winding under cgrtain'conditions.,~As was indicated in Chaptef 2, the second.
harmoﬁic comﬁonent‘of the electromotive force, or simply, the second harmonic
of the electromotive force,ﬁhas a frequency which. is twice that of the frequency

of the alternating generatoéor .current.

G.
. J 4
. -
o

Fig. 53  Principle diagram of a ferroprobe with
isolation of the doubled frequency e.m.f.
A second harmonic of the emf arises only in those cases when the core of
the ferroprobe works under the condition of-simultaneous magnetization by two
magnetic fields (a variable and a constant field). The variable field is

stimulated by the alternating current of the generator, whereas the constant
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field may be, for example, the field of a flaw situated in the magnetized

rail.

~—
[N
LR

Fig. 54 The change in the variable component of
ﬁhe magnetic field in the core of a ferro-
probe in the absence of an external constant field.

Under certain known conditions, which we will mention below; the second
harmonic of the electromotive force in the ferroprobé winding is proportional
to the intensity of the constant biasing field, which will henceforth be called
the external constant field. Therefore, the circuit shown in Fig. 53 may seryé
to measure the intensity of the external constant field acting simultaneously
with the variable field in the ferroprobe core.

It is obvious that the second harmonic of the emf in the ferroprobe winding
is induced by the second harmonic of the magnetic flux in the core. Experience
shows that, in the absence of an external constant field, the periodiec curve of
the magnetic flux in the core has the form shown in Fig. 5k.

Due to the periodic saturation of the core, this curve is clipped on the
peaks, and is close in form to the magnetic flux curve found by ¢onstruction,
as shown in Fig. 31. Both curves show that, in the absence of an external con-
stant field, i.e. when the intensity of this fiela HO is equal to zero, and,
given a periodic saturation of the core, the variable magnetic flux has a non-
sinusoidal form. But, in this case, the curve which characterizes its change
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in time remains symmetrical relative to the line t.

As has already been indicated, periodic non-sinusoidal curves which are
symmetrical relative to the time line do not contain éven—numbered harmonics,
including the second-order harmonic.

Thus, at Ho equal to zero, the variable magnetic flux in thé ferroprobe
core does not contain a second-order harmonic, &s a result of which, the curve.
of -the electromotive force in the ferroprobe winding will not contain a second-
order harmonic eithef. As a result, the néedle of an instrument connected to
the outpﬁt of the resonance amplifief will be in the zero position. -

Let us turn to an examination of another case, when the ferroprobe with
a variable .field in the core is introduced into an external constant field
with an intensity Ho' We will assume that the effective value of the variable

magnetic field intensity is several times greater than the intensity Ho'

A similar instance haé already been examined (a graphic construction of the
variable magnetic flux curve in a core working under the conditién of simul-
taneous ‘magnetization by two fields, variable and constant, was shown in Fig.
32). Under this condition, the curve of the variable compdnent of the magnetic
flux in theicoré'has a form which is asymmetrical with regard to the line and,
consequently, contains even-order harmonics.

Fbr the very same réasons, the curve of the variable c&mponent of the
magnetic flux in a ferroprobe core (Fig. 55) takes on noticable traits which
destroy its symmetry. relative to the line t. Actually, in the first part of -
‘the period,'the:magnetic flux curve is more sharply clipped than in the second.
The time during which the ferroprobe core is saturated also increases in the
first part of the period. i

The same traits are also.present on the curve in Fig. 32, where they are

expressed somewhat more weakly, because the graphic construction was carried
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out according to the magnetization curve and not according to the dynamic
hysteresis loop, and the influence of eddy currents was neglected. Thus, the
curve of the variable component of the magnetic flux becomes asymmetrical rel-
ative to the time line under the influence of the external constant field,
indicating the presence of even harmonics in this curve, among which, the
second-order harmonic, i.e. the harmonic with a frequency of 2f, has the
greatest amplitude. This harmonic will excite an electromotive force of the
same frequency in the ferroprobe winding.

The amplitude of the electromotive force EM of the doubled frequency may
serve as a measure of the intensity of the constant biasing field Ho' To deter-

mine values of Ho based on value of Ey, it is necessary to know the dependency

between them. The dependency which was indicated (Fig. 56) was obtained for

a ferroprobe with a core 7 mm long and 0.25 mm in diameter made from 80-NKhS

iron-nickel alloy. The values of H_,

the intensity of the external constant
field, are plotted on the x-axis in Fig. 56, while Ey, the amplitude values of
the electromotive force of the doubled frequency in one turn of the ferroprobe
winding, is presented on the y-axis in millivolts. The dependency of Ey on

H, is linear if the variable magnetic field in the core causes its periodic

saturation. When H

o» the intensity of the external field, is equal to zero,

the value of EM will also approach zero. The electromotive force of the
doubled frequency changes phase by 180 degrees when the direction of the
external constant field ié reversed.

Thus, under the condition of simultaneous magnetization of the core by
two fiélds (one variable and one constant), the voltage of.the doubled frequency
is stimulated in its winding. A resonance circuit consisting of self—inﬁuctiop
coils and a capacitor connected in series serves for sepafation of this voltage.

The drop in the voltage at one of the elements of this circuit is amplified,
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and may be measured by a voltmeter after ampllflcatlon.

The 31ngle ferroprobe whlch is descrlbed here is the basic element of

& flaw detector probe circuit.

Fig, 55 A curve of the variable component of the magnetic flux
.during simultaneous magnetization of the core of a ferroprobe
by two fields, a variable, and an external constant field

&
millivolt|

q2

a1

0 .2 ¢ 54//_ amp/cm

Fig. 56 Dependency of the amplitude of the second harmonic of
. the emf in one turn of the ferroprobe winding on the
, intensity of the external .constant field..

Connection diagram for the flaw'defector probe eséembiies. ~The MRD—52‘

probe assemblies should locate transverse fatigue cfacks regardless of their

disposition in the croes-section of the rail head. This demand may be met by

checklng the rall not with one, but w1th two 1dent1cal probes set above the

rall head as shown in Flg 57

Each probe assembly has two ferroprobes Wthh are mounted on a spec1al

backlng. The dlstance between the center—p01nts of the ferroprobes is 1.2 cm.
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It was indicated above that a distance 1 equal to 1.2 cm is approximately

half of the extent of the field of a transverse crack in the rail head.

Fig. 57 Disposition of the probe assemblies above the rail head.

The ferroprobe coréé are set along the éxis of the rail péral}el to the
running surface of the head. The backing with the ferroprobes is mounted on a
separate collector shoe which slides along the surface of the rail head. The
cores of all four ferroprobes are at the same distance‘from the running surfageA
of the rail>head,.approximately 2.5'mm.>‘

The fwo probe assemblies are connected éccording to the differentia;
network shown in Fig.v58. A step-down transformer with a lead-out from the
centerpoint of the.secondary winding is included in the anqde circuit of the
generatorVPOWer amplifief (l) feeding power to the ferrop;obelwindings. _Tgans—
former symmetry with regard to the grounded housiqg is obtained by akspggi;l
execution of the secondary windings,nwhich are wound simultaneously with the
two wires from the two coils. | |

The'inﬁut resonance circuit of the amplifier is connected between the
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centerpoihts:of the probe assemblies and the centerpoint of the secondary
transformer Winding. The circuit consists of a capacitor and an inductance
coil connected in series. It may be seen from Fig. 58 that the input resonance
circuit of the amplifier dlso forms a load circuit for the differentiational
network of the probes. The circuit has sharp tuning to a fre@ueﬁcy 2f, i.e.

to a frequency which is twice fhé generator frequency.

The dispersion field of the magnet mayibe taken to be uniform when the
smallZQOlume which each probe assembly‘occupiés ébove the rail is at a distance
away from the flaws. This means that at(all points in the space in ﬁhich the
ferroprobes aré located, the dispersion field of the magnet will have an inten-
sity HO which is identical both in magnitude and in direction. As a result,
electromotive forces from the doubled freqﬁency which are identical in magni-
.tuééiénéléﬁ?éétiéngailizaisé a?iéé”ihlﬁﬁé fé;;oﬁrobe windings. Conseéuently,
Just as was the case in the single ferroprobe which we examined eaflier, the
ferroprobes, and not the geherator, a%e the source for the elecfromoti;e force
for theﬂdoubled frequency in the electrical circuits 6f the probe‘aESemblies.
AThe-élect£6motiﬁe forces g_of:the doﬁbled"frequeﬁcy arising in the-ferfo—
Vprobe'ﬁinainéé lééd to the appearance Sf cﬁrrents of the same frequenéy. Ir
the resistance of the ferroprobe windings aﬁd'the resistance of the transformer
Windings'are:identical, the currenf i_passing through the closed ciréuits of.the
probesf'differéntial’network will be identical. Here, ig the resonance circuit
which comprises the load circuit fér the probe‘assembly, the éurrents i, which
afe>e§ual'ih éize, haﬁe_aﬁ opposite di#éction,{i.e. they compénsate eéch otﬂer.

‘Théfefofe, there ﬁiil be no doubled-freduéncy current régardiess o% the
size‘of the magﬁet's'dispefsién field inféﬁéify Ho in tﬁe load cifcuit of the
probe assembly circuit. Consequently, the differential network of the probés
permits the influence of the strong but hohogeneous‘dispersion field of the
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magnet to be excluded, i.e. the influence of a field which is not associated
with flaws in the rails is excluded.
Application of the means described for éonneétiné the probes facilitates

the task of observing the flaw field arising on the background of the magneé'sL

strong, interfering dispersion field.

1

Fig. 58 A differential network for connecting two probes with emf
and currents in its circuits in the absence of a field'ﬁgf’

— —
4 e+4e
Ho » ﬂp’ﬂ]
— —
R e I - . €
3 l'. AA ] A -
ol H -

Fig. 59 A'differential network for conneétiﬁgxfwb probes with
emf and currents in its circuits in the presence of a field Eﬁf
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Let us examine the work of probes which are connécteq differentially on
sections of rail which contain flaws. We will assume that there is an internal
trqnsvergé/cgack in the lateral part of the rail head section, as was shown in
Fig. 57; It wa; noted above that the field of such»é "laterél" transverse
crack may be noted only above the defective portion of thé section of thé rail
head, i.e. this fieldﬂwill act on the ferroprobe of only one sensor. Let us
suppose\that one of the ferroprobesiof the sensor situated on the side with
the "lateral" crack entered the ZOﬁé in which-the magnetic field EE.Of the
crack is active. At that time, the second ferroprobe of the same sensor, being
.at a distancé of 1.2 cm from the first is beyond the boundaries of this field.

In view of what has been said, the cores of three of the ferroprobes will
be magnetized by the dispersion field of the permanent magnet Ho’ while the

fourth will be magnefiged‘ by a t6£a1 field, H_O + E& (Fig.' '59), where Eg. is
the intensity of the longitudinal component of the flaw field (of thevcrack
field). 1In accordance with this, identicalveléctromotive forces g of the.
‘doubled frequency equal to e + Ae. Therefdré;-fhe doﬁbled;ffequéncy current
passing through a circuit with electromotive force will be increased by A_l
and will be equal to 1 +4ai. |

Conseqﬁently, a current Ai, equglvto,thé difference of the opposing
currents, one of'which is equal to 1 4-Ai and.the second -equal to Ai, will
pass through the load circuit-on the differentiaL network of the sensors (thé
_circuit which contains the self-induction éoil). ' The current i will cause a
voltage drop AV on the self-induction coilLOf'the resonance circuit, which
will be the voltage on the output of thé qifferential network of the probe.
The voltage 4V, as well aé the curréﬁﬁ'éiﬁ will have a doubled frequency in
comparison with the frequency of the alternating current generator.

If the altérnating current from the geﬁérator perfodicaliy éatﬁiaﬁes the
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ferroprobe cores, the voltage AV is proportiongl not only-to the differenée in

currents (i +4i) - i, but also to the difference in the magnetic fields, (Hy +

In this manner, when a "lateral" transverse crack in the rail head is
detected, the describedvcifcuit with four ferroprobes reacts to the difference
in the magnetic fields acting where the ferroprobes of oné of the probe éssem—
blies are distributed.

It follows from what has been said that checking_each/réil using two probe
assemblies permits, first of all, the exclusion of the interfering influence
of the disperéion field of the magnet above the rall head, and, secondly, the
direction of transverse cracks located in the lateral part of the rail head.
cross-section. It is not difficult to demonstrate that two probe assemblies
connected according to a differential_network.permit the detection not only of
"lateral" cracks, but also of crécks situated in the center portion.of tﬂe
rail head.

The magnitude of the current Ai and the magnitude'of.tﬁe voltage AV asso-
ciated with this currenf permit the sensitivity of the pfobe circuitry.to 8
constant magnetic field to be determined. |

By "sensitivity of the probe circuitry", we mean the ratio AV/H, showing
which voltage 8V arises on the output of this circuit when one of the ferro-
probes is situated under the influence of a constant field with an intensity H
equal to 1 amp/cm. When the cores of the ferroprobes are periodically saturated
with a frequency of 5000 Hz, the sensitivity of the probe circuitry is 250-270
millivolt-cm/amp.

Besides the differential network with two probes, probes with a single
differential network having two ferroprobes (Fig. 60) are finding practical
application,
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Both ferroprobes of this type probe assembly are situated on one collec-
tor shoe, which is shifted to:the gage side of the rail head, where transverse
cracks most often appear, when the rails are tested. The shoe with two ferro-
probes is frequently called a single probe.

Use.of the single probe is justified by the fact that its sensitivity to
the field of a "lateral" crack is 1.5 - 1.6 times greater than the sensitivity
of the previously discribed probe.

When the differential network of the probeé was being described, it was
assumed that all ferroprobes have totally identical windings and cores. There-
fore, in the homogeneous field above the head of a non-defective rail, the
voltage at the output of the differential network for the probe is equal to
zero; consequently the network is balanced. However, it is difficult to attain
the situation in which all four ferroprobe cores have exactly identical magnetic
properties, form and dimensions. Therefore, even in a homogeneous magnetic
field, there is usually a certain voltage, the "imbalance voltage", at the out-
put of the probe's differential network. This volfage is nof assoclated with
flaws in the rail, and it may fherefore cause interference during monitoring.

The imbalance voltage is reduced to a minimum by balancing the probe circuits.

Fig. 60 Circuit of a probe assembly with two ferroprobes.
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Probe dssembly lay-out.

There are two probe assembly units in the MRD-52 and MRD—66 flaw detec—
tors: one to monitor the right rail and one to monitor the left.

Each probe assembly unit consists of three ferroprobe sensors, two of
which are mounted on the running surface of the rail between the poles of the
magnet, with the third affixed to the frame of the flaw detectortcarriage on .
the .side of the gage edge of the rail being monitored. The probes which are
mounted on the running‘surfgce of the rail are called the "upper" or "primery"
prbbes.

. The ferroprobes of upper probé assemblies;for the MRDf52 flaw detector
' aré in the form of a coil with a core T mm long and 5 mm in diameter. The
coil winaing has 2500 turns of PEL-0.03 mm wire. A section of 80-NKhS wire
.maQe.from an iron-nickel alloy (Permelloy), with a diameter of 0.25 mm And a
lénght of T mm is the coil core.

A sketchféf the upper ferroprobe sensor is given 1n Fig. 61. It éénSists
of-the ferroprébés'(l), a plastic block (2), and the éoptact lobes (3). The
ferroprobes in the'block are set out on the center line. Fach upper probe'is
mounted on the lower base of the metallic collector shoe (1). shown in Fig. 62.
In the upper part of the shoe, there is a screw device (é) by means of which
the magnetic screen (3) is moved relative té the probe‘assembl&'s fefroﬁrobés.
. (4), thus accomplishing its balancihg.

Above the lower base of the collector .shoe, a metallic covering (6), which
slides along the surface of the rail head, is attached by screws (5). The
covering is a replacable part of the shoe, and it is replaced with a new one
as it wears out.

At the ends of the collector shoes, there are pins (7), freely fitting
into the vertical grooves of the holder (8). In the upper part of the holder,
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there are grooves at each end, into which the horizontal guide straps which

are fixed to the magnet yoke fit. Due to this arrangement, each shoe and its
holder may be displaced across the width of the rail head, and affixed in the
desired position with the set screws (9). The holder has a spacer rod (10)

on which the terminal box (il) is mounted. The three flexible wires leading
from the ferroprobe sensor assembly lead into this box where they are connected

with the three-pronged plug (13) by a section of flexible three-lead wire (12).

J 3

TS
2 \I

Fig. 61 Sketch of the upper ferroprobe sensor.

All parts‘ of the colleator shoe and the sensor are prepared from a
non-maghetic material. |

As has(alréady been indicated, a screen (3) made of soft iron may be
moved over the ferroprobes of the sensor in one direction or another to bal-
ance the‘probe assembly.

Since the screen is situated in the dispersion field of the permanent
magpéf, it is magnetized. Displacement of the magnetized screen above the
probe results in one of its poles approaching the core of one of the ferro-
probes, the opposite pole of the sereen being moved away from the core of the
other ferroprobe. In the seme way, the magnetism of thé ferroprobe cores is
changeq,‘influencing the size of the doubled-frequency emf induced in the
ferroproﬂe windings. It is possible to find a position for the screens at
which the voltage on the network output is minimum, i.e. the probes will be
balanced.
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fhe probes‘mounted on the frame of-the flaw detect6£jcarr;age on the gage
edge of the rail being inspected are called the "lateral".or "fillet" probes.
In the MRD-52 and MRD-66 flaw detectors, the lateral prébes are used for sec-
ondary verification of the upper probe readings. The flaw Qetectors' upper
" probes may regct to dangerous sites of damage to the runniﬁ; surface of the
rail head, in. addition to dangerous internal transverse cracks.» From the indi-
cations of the upper probes alone, it is difficult, and some£imes impossible,
for a flaw détector maintainanceiengineéfifb aistinguish-the regdings of - flaw
detectors above dangerous cracks from the readings above non—déngerous points

of damage or non-homogeneous metallic structure.

Fig. 62 Sensor assembly for the MRD-52 flaw detector.

Usihg & probe mounted on the lateral or fillet part of the rail, it is
posSible to distinguish the readings of e flaw detector situated above the
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descéribed transverse fatigue crack from those readings . obtained above a non-
dangerous point of damage or structural non-homogeniety of the metal during
secondary inspection of that place on the rail noted by the upper probes.
This is facilitated by the fact that the magnetic flaw field arises not only
on the runnipg surface, but also Oh the gage side of the heﬁd and above the
héad when the rail is magnetizeddby'the U—Shaped;magnét'of;the MRD-52 and MRD-
66 fléw detector'above transverSe fﬁtigué cracks. The intensity of this fieid
depends on the)proximity of the crack to the surface of ‘those indicated places
" and the area occupied by the crack. The metal in the lateral surfaces and
below the head is not‘subjected to work har@eniqg and demage from the wheels
of the rollinéustock. fhis excludes the possibility of'interference occurring,
‘as hafpens on. the ruﬂhing'surfacé, and the probe mounted on the iateralnor
fillet part of the rail will react only po the field over the.dangerous flaw.

‘The wbrkinéfprincipleS'of fhe lateral probe are the same as for the
"primary prbﬁes. The coils of the probe assembly's fefroprobés are connectéd
according to a differentialﬂnetwork. Therefore, they do not react to a/ﬁomo—
geneous magnétic field, but, at the same time; they possess & high sensitivity
to the'cdncentrated fields of-fléﬁs. | |

The aﬁsence of interfering magnetic disperéion fields 6n ihé lateral and
- fillet surfaéés of the rail head permit the detected places 6n thé rail to be
inspectéd with .a significantly higher flaw detector sensitivity (at greater
amplification). -As:a’resultgbit is possible to ‘reveal fatigue and.transverse
cracks from tpe_lateral;br~fillet side~of the rail head which are smaller and
. lie deepéf_in.the rgil than is fhe case from the running surface:

The lateral probe assembly in both the MRD-52 and the MRD-66 flaw detec-
fors areiidentically~cons£ructed£

" The lateral probe assembly. (Fig. 63) consists of s ferroprobe sensor (1),
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a slotted link (2), a brace, .(3), a locking assembly (4), a fastening assembly
(5), a reflector (6), a mechanism for lowering and raising (T7), and the con-
necting wire with the three-pronged plug (8;.

The lateral probe may be mounted on either the lateral or the fillet side
of the rail head with the aid of the slotted link nut (2). The locking assembly
serves to secure the lateral probe in an off-position. The reflector (6) serves
to protect the ferroprobe sensor from damage when the probe assembly moves.across_
the joint plates and at grade crossings.

Bach lateral probe may be switched on with one of the prim%ry probes or
as a single probe, 1nspect1ng rails only from the fillet side. The dispersion
field of the magnet has almost no effect on the ferroprobes of the lateral
probe assembly. The ferroprobes are shielded, as it were, from the influence
of the dispersion field of the magnet by the metal of the rail head. As a
result, the sensitivity and selectivity increase. Additionally, the absence
of work hardening, dents, engine burns and other damage from the lower edge
of the rail head permits the amplification from the amplifier to be increased
without fear of increasing the interference.

In this manner, turning on the filiet probe as a single probe permits
inspection of the étate of the rails to be carried out with significantly
greater sensitivity than by switching on two probes in parallel, one of which
is situated on the running surface of the rail head.

In practice, it is impossible to increase the sensitivity of the flaw
detector when two probeé are used since under these conditions, the level of
interference from the probe mounted on the running surface increases sharply.
Therefore, some MRD flaw detector maintainance engineers make two passes with
the flaw detecfor when checking sections of the liqe where the éreatest rail
failure from 20.1 - 2 and 21.1 - 2 type defects is observed. On the first pass,
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they use the normel probes mounted on the running surface of the head of the
rails béing checked, whereas on the second pass, they use only the fiilét
probes. When the lateral probes are so used, the half of the yail head on the
gage side is checked from two sides, providing a high quality check of the

rails with regérd to detection of transverse fatigue cracks.

Fig. 63 Sketch of the MRD flaw detectorfs lateral probe assembly.

The electrical system diagram of the MRD-32 flaw detector '(Fig. 64).

The master oscillator_ié assembled on.tube Tul, a .2P1P1£ype. The generd;

.tor oscillation eircuit consists of a self-induction coil wound on a torroid
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core of Alsifer (Al-Si-Fe alloy) and two capacitors Ch and C5 connected in
series. Thé‘sélf—induction'coil Il is shiélded‘by a metallic casing, and has
seven taps. Taps 1 and 2 form the beginning and end.of the primasry coil wind-
ing, while taps 3, 4, 5, 6, and 7 lead out from tuning sections wound onto the
primary winding of coii Ll. The tuning sections are used to increase or decrease
the induction of coil L1 when tuning the generator to the corresponding fre-
quency. The_oscill&tion circuit is connectedibetween the anode of tube Tul

and its control grid.

The size of the total capacitance of the circuit capacitors ¢k and C5 and
the inductance of Ll determines the frequency of the generator, which should
be constant and be within the range 5500-6250 Hz.

The capacitance C3 and fhe resistance of R5 co@pecting the oscillatory
circuit with the control grid of Tul are selected sojthgt the ?oltage.of the
master oscillator has a sinusoidal form.

A high resistance R10 is included in the anqde.circuit of the generator
tube so that the B batteryddoes not shunt the alternating generator voltage.

With the aid of the master oscillator, a stable sinusoidal voltage is
obtained. However, the power of this oscillator is inadequate to feed the
probes on both sides of the flaw detector. Power amplifiers Tu2 and Tu3, as-
éembled on 2P1P tubes, are insfalled for the right and left rail in order to
increase the power of the master oscillator to the necessary magnitude.

The voltage of the master oscillator is passed through a blocking. capacitor
C21 and the resistance Rl and R2 to fhe'grid of tubes Tu2 and Tu3 of the power
amplifier. With the aid of the blocking capacitor C21 and the resistors Rl and
(R2)* - R3(RL4)¥, stepped down the voltage of the master oscillator to & magni-

tude at which the power amplifier can amplify it without distortion.

¥FElements of the symmetrical branch of the diagram are ihdicated in parén—
thesis. B
124



C8

b2

-5 +160
_64.?

E}a;1{1%ﬁm

51

o

the indu.ctances of L1, 2 5
are depicted without the tuning sactj B
dep & s2ctions, The full

. 8chematic of the 1nductance 15"

l2ans ]
1 234354687

Note: 1In the diagran;

Fig. 64 Principle schematic of the MRD-52 flaw detector.

An output step-down transformer Tr is included in the anode circuit of the
power amplifier. .There .are two identical windings on the low-voltage éide of
the transformer. The primary transformer winding has two leads 1l.and é: The
ends -of the secondary Windings.are denoted by 4-5 and 6-7 respectively. The .
series connection of the secondary trensformer windings is accomplished.by con~
necting leads 5 ‘and 6. This centerpoint of the seCOndary.tranéformer‘ﬁindings
is connected:to the cdfresponding socket on the face panel of the appa#atus.
Whén necessary, it may be connected t§ the body of the apparatus with the aid

of a plug. .
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A capacitor C6(CT) is included. in parallel with this windi_ng so that the
current flowing through the'primary transformer'winding is sinusoidal. The
icapacitance of this cabacitor is chosen when the apparatus is tuned; .buring
tuning, the probes should supply the transformer load. |

The output voltage of the power amplifier is regulated with the aid of a.

,potentiometer RG(RT) by a knob des1gnated on the face—panel "Power .

A fixed resistance R8(R9) is connected in series with the potentlometer;
Resistance R8(R9) is calculated so that when the potentiometer knob'is turned
to thenfar right, the powervamplifier has maximum amplification. This resis—
tance also limits the size of the anode current. .

Experience in using the MRD—§2 flaw detectors has shown that'there'is no
need to regulate the generator voltage. Therefore, the potentiometer R6(R7)
has been taken out in the most recent versions of the flaw detectors and a
fixed resistance has been installed in its place.> In this state the voltage
on the secondarv transformer w1nd1ngs will Dbe equal to 7 8 volts When the probesA
‘are switched on, and 9-10 volts when the probes are off.

Capacitor Cl(CZ) serves to block the variable component of-the screen grid
current. ThlS gssures the variability of the voltage on it in the presenceyof
the variable voltage on the control grid which enters from the master osc1llator."-

Normal flaw detector operatlon depends to a 51gn1f1cant extent on thetl |
stability of the master osc111ator and its power amplifier. The frequency of
the master osc1llator should be strictly.constant and there should be no even;'
order harmonic’ components in the voltage of the oscillator. Belng able to
meet these demands depends primerily on the value and the stabillty of the
parts of the oscillatory circuit-Ll"Ch(CS) the ratio between resistances
R1(R2) and R3(Rh) at the’ tube “input Tu2(Tu3) the w1nd1ng re31stance> the trans-v
former load, and the capacitance of the blocking capacitor C6(CT). Therefore,
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it is necessary to. pay particular attention to. the correct selection of these
parts of the circuit when repairing the generator and power amplifier. »Certain
deviations from_the rated values may be allowéd for the remaining pérts includ-
ed in tﬁe-ci£cuit of the generator and power amplifier. ‘

Thé receiver serves to amplify and transform (to rectify and differentiste)
the doubled-frequency voltage arising in the probes'as the flaw detector passes
over the flaw. There is a tuned amplifier which amplifies the doubled—freqﬁency
emf pulses which are induced in the probe, a detector K, and a final amplifier
in the feceiver{ In addition, there are signaling devices in the differentiat-
ing network.

The basic elements of the tuned amplifier (see Fig..6h) are as follows:‘ a
%uned input circuit, consisting of capacitances c8(C9) and a.self—inductioﬁ
coil L2(L3) commnected in series; an emplifier tube Tul(Tu5); a tuned oscilla-
tory plate circuit, consisting of capacitances C12(C1l3) and a self-induction
coil‘Lh(LS) connectea in series;.and é géin confrol, consisting of a variable
resistancélel(Rl2j, a limiting resistance Rlé(th), and a capacitance C10(C1l).

When there is a differential network of probes, the tuned oscillatory in-
put circuit‘LQ(L3) - 08(09) is inéluded between the centertaps of the probe
Windingé and the centertaps of the secondary winding of}the transformer Tr,
and is connected witﬁ the control grid of tube Tul(Tu5). This circuit is
tuned to a frequency 2;f,equal to 113000—12,560 Hz. The circult tuning is
accomplished by the sélection of capacitance 08(09)'and thé inductance L2(L3).
The resistanpe of this circuit is the lowest for the doubled-frequency current.

The control gfid of tube Tul(Tu5), connected to the self—induction_coii
12(L3), is energizéd when the'dqubled—frequenéy foltagé is split between the
centertaps of the probe and the secondary transformef ﬁinding. The doubled-
frequency voltage on the grid’of tube'Tuh(TuS) causes an alternating currgnt
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of the same (doubled) frequency in the anode circuit of this tube, where the
tuned oscillatory plate‘circuit is connected. |

The tuned'plate cireult Ql2(Cl3)eLH(LS) has the same values of self;
inductance and capacitance as the input circuit, but they are connected in
parallel. When capacitance c12(Cc13) and inductance LL(L5) are connected in
parallel, the:tunea tlate circuit, which is tuned to the‘sane freéuency as
the input circuit, offers an extremely_large resistanee for thegdoubled—fre_
quency currents. Therefore, a eurrent with a frequency Q;f'in the tuned plate
circuit creates a large voltage drop, -which passes to the grld of the follow1ng
ampllfler tube Tub6(Tu7) through the blocklng capacitor C14(Cl5), rectifier K,
and the differentiating circuit C16(C17)-R19(R20).

The doubled-frequency voltage is.split and annlifled in the section of
theicircuit~which ‘has Jjust been examined. - A P SN
_Gain control takes place using the potentlometer Rll(Rl2) -designated on

the face-panel by "Amplification" (Flg. 65).. The capac1tor ClO(Cll) in thef
same manner as C1{C2) in the circuit of tube Tu2(Tu3), serves to shunt the
variable component of the grid screen current. ‘ The ampllfled voltage pasees
to the rectifier K through a blocking capacitor C1(CL5).

Two circuits consisting of resistance R15(R16) and a copper—onlde rectifler
K, With a capacitor €22(C23) grounded through itSrsecond plate, are conneeted-
in parallel to the anode oscillatory 01rcu1t through a blocking capacltor; '
c1k(c1s). Wlth these components and the leakage res1stance of the rectifler
K itself, half-wave rectification of the amplified doubled-frequencv voltage
is accomnllshed As & result the capac1tor 022(023) bullds up a8 pos1t1ve

charge; The voltage on the’ capac1tor 022(023) varies 1ns1gn1flcantly from the

B
D]

N

magnltude of the doubled—frequency voltage on the anode of the ampllfler tube
Tuh(TuS) and follows its changes.
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Fig. 65 Face—panel of the generastor-amplifier assemhly
of the MRD-52 flaw detector. -

The KNPM-Q;lO copper-oxide rectifler K is a column made up of ten rings- |
2 mm in dismeter, which are connected in series.. Each ringAls coveredAon one
side with a layer of copper—oxide which‘stsessesﬂthe»property;ofqunilsteral“@u
conductivitrl When tested on a TT-1 testing device, this rectifier afforded
a reslstsnce\of-QO kohm for the direct current and more than 2'Mohm for the
reverse current

The re31stance Rl9(R20) forms s c1rcu1t for the grld current of tube
Ta6 (7). | .

The dlfferentlatlng network ClG(ClT)-Rl9(R20) is intended to separate 
pulses caused by flaws from the other pulses J

It isinecessary to keep in mlnd that the metal on the runnlng surface of
the rall head 1s dlfferent because of structural non—homogenlet& caused ba51c—
ally by Work hardenlng from blows from the wheels of the rolllng stock When”«'

a rail is magnetlzed, a non—homogenlety in the structure of the metal leads
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to the formation of local dispersion fields on the rail surface, not only a
above the flaw, but also in places wheré oné structural metallic state leads
into another. Above the structural non—homogenitiés, changes in the loecal
flaw field usually take place on relatively long sections of the rail, with
a smooth change from minimum to maximum value.

. The change in the disperéion'field above a flaw in the form of a lighf'
spot takes plaée over a very short length of rail, with an abrupt increase .
from minimum to meximum value. Therefore, when the flaw detector is in ﬁotion,
dispersion fields brought about by flaws cause & sharp increase in the imbal-
ance current in the probe circuit. This feature is used to improve the detect-
ability of light spots on the background of ihterference caused by non—homogen-
iety of the structure.

All emf impulses which build up quickly, i.e. impulSés caused by flaws;
‘pass through the differentiating circuit aimost without weakening. Conversely,
impulses which build up slowly pass through the circuit weakeﬁéd'substantially.
The differentiating circuit acts as if it were a filter which pefmits the
impulses from flaws to pass through, but not other impulses. This circuit may
act only when the flaw'deteétor is in motion since there will be no emf impuise
variations when at rest.

" When the flaw detector is stopped, i.e. when fhe probes are stationary
above the flaw, a constant, not a pulsing, voltage will be féd to the capacitor
C16(C17), for which this capacitor represents an infinitely largE“resiétance
(a breek in the circuit). When in opefation, the differentiating circuit is
normally switched into the ecircuit.

When it is necessary to specify more accurately the location of a'flaw,}
the differentiating circuit is switched off,,ige.lthe*cap;citor:016(017)'is
shorted by switching the toggle switch T5(T6) to the upper psition.
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,In,tHis mode, the flaw detector may work both at slow speeds and at full
stop. In this casé,'thé control grid of tube Tub6(Tu7) will be-undér a voltage
which consists'qf:the imbalaﬁce voltage and the voltage arising at the flaw.

The power of the first receiver tube is inadequate to activgte the signal
relay. Therefore, there is a terminal amplifier on tube Tu6(Tu7) in the cif-
cuit.v This tube is normally kept in thé.cut-off state. For this.reason, a
negatiye voltage ig fed.to its control grid by means of a potentiometer-BlY(RlS),
IK.Qenoted on the face-panel by the knob "Bias." 1In this state, the tube permits
»cgrrent.to pass through only when a positive voltage is fed to its control -
>grid. This tgkes place when the flaw detector passes over a flaw. There isﬂ
'aaﬁglay'in the pla@e circuit of this tube which activates, should the plate .

current exceed 0.9-1.1 milliamp; When the relay is activated, a circuit con-
sis?inghof capagitors Cc18(c19) connected in series, and a headsét is connected
hAv}th;ths po%e ot p;ate battery. The charge énd discharge current of the capac-~

,)itgrvwi;; causﬁwc;icks when passing fhrough the headphones. This serves as an
eudible ?:s‘:ign.a_.,lw S
. Thgkplagé iqithe_rail above which the local dispersion field causes acti-
_Hivation_qf:tpe relay is. determined by the magnituae of the maximum deflection
of a milliaemmeter needle. For this, the differentiating capacitor C16(C17)..
is‘ghorygq out_byvmoving‘the:togg¥¢ switph to the upper position. The grid
~of the receiver!'s second tube Tu6(Tu7) is directly coﬁnected to the rectifier
in thi;xinstgnce.

prwer supp%y for: the filament of the flaw detectof‘s amplifier and oscil-
lator tubes is provided from a storagé battery made up of two NKNTMS elements
conpegted.in ;eries, The;yo}tgge of the Storagé bgttery is;2;5v._vThe rating
of’the'batteryiis;hg.amp-hr,!and.the filamgnt current is 0.65 amp.

The plate gircui?s ofﬂthg'bscillator;amplifier assembly take their power

4
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from two BAS-80 dry cells. The voltage of the two.BAS-BO batteries connected
in series is'160;180‘v. under a load; The rating of the plate batteries is
2,1 amp-hr. The size of the current required by the plate circuits is 6 mil-
liamps. Any type of hO—volt‘batterv‘is used for biasing.

The power sources are arranged in the eouipment box, and are connected
to the oscillatorfamplifier box according to.the wiring diagram presented in
Fig. 66. The voltage for the power supply sonrces is regulated by a voltneter
mounted on :the face—panel of the oscillator-amplifier block.

Recently, semlconductor dlodes and trans1stors have been widely used in
the rectlflers and voltage converters of various technical radio assemblies.

The prlmary advantages of trans1stor1zed converters are their small dimen-
sions and thelr efficiency (on the order of 60-80%). The- hlgh efficiency of
the converters is determined by the small losses in- transistors.

Power ‘supply for the plate circuits of the‘oscillator—amplifier assemblies
of MRD-52 flaw detectors is provided from bulky dry cells which have a relatively
low rating and a short shelf—life,vcomplicsting(the worhrng conditions with |
flaw detectors on the line,'and'causing significant expense.

ThiS~short;coming is eliminated by using a converter which tekes its pover
from a filement battery and produces plate voltage'end”a voltage for%the bias
circuits.': ' ' o ' - |

Trans1stor1zed converters to provide power “for the MRD-SZ flaw detector
were used for the first time by flaw detectlon workers of the track malntaln;
ance service of the Moscow (Moskovskaya) and the Northern (Severnaya) lines.
The schematlc of one of the converter vers1ons used by the flaw detector
specialists of'the'Moscow5line is shown in Fig. 67.

The operating principles’are as follows' for the converter withla push—'
pull circuit with self-induction which”isvbeingsékdﬁinedi
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Fig. 67 Schematic of a transistorized converter.

Let us assume that,aﬁ:g_gertain moment, transistor Tl is open. Then,
Athe voltage of tge sfqrgge,battery (2.@-2.5 v, including,a'small-voltage drop
in the tfansistor on the emitter-collector section) is applied to the half-
winding ;Tof‘the Pransformer~25, Current in half-winding I is increased from
Zero toﬂg:a,;maxi‘.m.un;l:w@lu_gT As a result, an emf of the polarity indicated on.
the schéﬁ;tic1byﬂfh¢,§igns outsidg the parenthesis will appéar«in.the hﬁlf_
winding and in all oﬁpgr w;ndipgs of the tranSfofmer, Here, the egf of half- .
winding II creates a voltage at thé'base of transistor”zlﬁ.through resistor
RL and capacitor C1 '_wgicn;isf negative with regard to the emitter while the
emf in thé'half—wiﬁding Iat fhat“momEntgc;eates‘g voltage at the base of

-
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transistor T2 through resistance R2 and capacitance C3 which is positive with
regard to thé emitter.

) Since a negative voltage is supplied at the base of transistor Ti, the
latter will be open until the magnetic flux in the transformer core reaches
its saturation value. At the moment of transformer coil saturation, the speed
at which the magnetic field changes becomes equal to zero (or very small).
Consequently, the emf in all of the transformer windings will become equal to
zero (or will be decreased significantly). The decrease in emf which takes
place under this condition causes a sharp decrease in the current in the trans-
former windings. This, in turn, causes the appearance o an emf of the opposite
polarity (cf. the signs in parenthesis in Fig. 67) in all of the transformer
windings.

Half-winding IT creates a positive voltage at the base of transistor T1
in connection with the change in the emf polarity, whereas the emf of half-
winding I creates a negative voltage in relation to the emitter at the base
of transistor T2, which leads to the closing of transistor Tl and opening of
transistor T2. In this manner, transistors Tl and T2 work in sequence. While
one transistor is open, a positive closiﬁg voltage impulse is fed to the base
of the second transistor.

The speed at which the closing and unclosing of the transistors takes
place, and, consequently, the steepness of the alternating voltage fronts which
are generated, depends to a great degree on the self-capacitance of the tran-
sistors and the transformer windings, on the capacitance of the capacitors Cl
and C6, and on the transformer induction.

The alternating voltage which is obtained is rectified by diodes on sec-
ondary windings III and IV. The voltage of windiug III is fed to the plate
circuits, while the voltagé of winding IV is fed to the oscillator bias circuit

and tHe! flaw detector amplifier circuit.
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3. The Magnetic Rail Flaw Detector MRD-66.

Block disgram of the flaw detéctor. The MRD-66 flaw detector (Fig. 68)

is an improved model of the removable magnetic flaw detector. The primary
units of the flaw detector for monitoring one line of rail are shown in Fig. 68.
There are devices of the same type which work in parallel and simulteneously
for the other line of rail.

The master oscillator 1, a common tube-type generator of sinusoidal oscil-
lations with a stable frequency of 7600—7500 Hz, is common to both of the rail
lines.

The nomenclature and the designation of the remaining units of the MRD-66
flaw detector are the same as for the MRD—Sé flaw detector. Therefore, there
is no need to describe their designation and the way in which they interact.

Nevertheless, the circuit diagram of the MRD-66 flaw detector probe assem-
blies is different from the circuit diagram of the MRD-52 flaw detector probe
assemblies. -In the MRD-66 flaw detector, the two.upper prébes.are connected
according to a bridge circuit, the ferroprobes of one probe assembly being
connected in series-aiding, while the ferroprobes of the other probe assembly
are connected in series-opposed. Such a wiring diagram for the probe. assembly's
ferroprobes permits the flaw detector's sensitivity to transverse fatigue cracks

situated closer to the lateral edge of the rail head to be increased, and

excludes the possibility of omitting symmetrical transverse fatigue cracks.

(The cracks, above which the flaw field influences identically and simultan-
eously the adjacent ferroprobes of both probe assemblies are called symmetrical
transverse fatigue cracks.)

In this schematic, a switch Tl, providing for the operation of the flaw
detector in a state with one or with two probes without switching off the
probes themselves, has been introduced{
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Fig. 68 Block diagram of the MRD-66 flaw detector.

The magnetizing device. Permanent magnets situated above the right and

left lines 6f rail on. the track gre'usedvto magnetize the rails in the flaw
detector. A sketch of the magnet is presented iﬁ Fig. 69. Each magnet consists
of two bars made of a magnico alloy, and the yoke connecting them is made frdm
sbft, annealed iron ("Armco" iron). The bar has cross-sectional dimensions of"
50 x 55 mm, and it is 80 mm high. The bars are enclosed in aluminum casings
"with walls 1.5 mm thick. The magnetizationvcurves (part of the hysteresis loop)
and éemagnetizd%ion curves of the assembled'ﬁaénetware presented in Figs. 51
and 52. The intehsity of the‘longitudinaljcbmponent of the magnet field in the
zone in whiph-the upper flaw detector probes are situated is from 10-12 amp/cm

in rails from different plants.

Probe assemblies. The parameters and the construction of the ferroprobes
for the MRD-66 flaw detector probe assemblies are the same as for the MRD-52
flaw detectors. The two upper probes.are connected according to a bridge cir-
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cuit (Fig. 70). Here the ferroprobes of the probe assembly, the centertap of
which is grounded, are connected in series, while the ferroprobes of the probe
assembly, the centertap of which is fed to the resonance circuit CL, are con-
nected in series-opposed.

We will examine the work of such a circuit for connecting the probes when
they are placed on the running surface of a "sound" rail between the poles of
a magnet, and the flaw detector passes over a defect in the shape of a trans-
verse fatigue crack in the rail head. The ferroprobes of the probe assemblies,
which are placed in the "neutral" zone between the poles of the magnet on the
running surface of the "sound" rail are subjected to the influence of the homo-

geneous field of the magnet.

Arqqc_g iron

Magnico alloy \
50 130 50 35

80
r..______...; -
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i

Fig. 69 Sketch of the MRD-66 flaw detector magnet.
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Fig. 70 Schematic for connecting the ferroprobes of the upper
assemblies in the MRD-66 flaw detector.
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The intensity H of this field will be identicel in size and direction
: 0

for each ferroprobe. Under the influence of'field‘Ho, second harmonics of

current i2, identical in size and phase, will arise in the alternating current

1 in the winding of each ferroprobe. As a result, in the‘bridgeAdiagoﬁal,'
where the resonance circuit is cbﬁnected, the instantaneous values of i2 are
normally opposite in phase, i.e..they compensate 'each other. The absence of
the second harmonic i2 in thé resonance circuit (at the amplifier input) is
equivalent to the.probe's not reacting to the homogeneous magnét field, ﬁo'

matter how great the intensity of.Ho.v
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Fig. T1 Sketeh of the ferroprobe probe assemblies of
the MRD-66 flaw detector.

As the flaw detector rolls over a flaw, e.g. a ﬁransverse fafigue crack
situated closer to the lateral edge of the rail head, one of the ferroprobeé,
(e.g. ferroprobe 3 in Fig. 70) will be located in a field H_ + _Hg, and the
remaining ferroprobes will be in a field_Ho, W'here”Ho is the intensity of the

magnet field and H is the intensity of the fieéld caused by the flaw.
- :
In Fig. 70-it is shown that the second harmonic of the current in the

winding of ferroprobe 3, located in the field H + H , increases by Ai2. The
. L 8 ‘
~ current 4i2 passes through & resonance circuit while the voltage drop of the

second harmonic which arose in it. is fed to the control grid of’the amplifier.
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When such probes pass over highly developed transverse fatigue cracks,
ferroprobes 1 and 3 will simultaneously be under the influence of the field
Hg, and the second harmonic of the current 12 will increase by 4i2 in ferro=-
probes 1 and 3. An approximate total augiliary current of the second harmonic
2-412 will pass through the resonance circuit, causing an increase in the volt-
age drop of the second harmonic in the amplifier input resonance circuit.

In this manner, the bridge schematic for connecting the ferroprobes of
the MRD-66 flaw detector probe assemblies, where the ferréprobes of one probe
assembly are connected in series-opposed, promotes the detection of transverse
fatigue cracks situated close to the lateral edge of the rail head (lateral
cracks) and developed transverse fatigue cracks situated symmetrically within
the cross-section of the fail head (symmetrical cracks).

In the 1968 and later-year models of the MRD-66 flaw detectors, ferroprobe
sensors with the same construction aré used both for the upper probe system
and for the lateral probes. A sketch of such a probe assembly is presented in
Fig. 71. It consists of the ferroprobes 1, a plastic plate 2, and contact
lobes 3. The ferroprobes on the plate are situated along the center-line.

Each upper ferroprobe sensor is mounted on the lower base of & plastic collec-
tor shoe (shown in Fig. 72), and clamped by a cover plate 2. In its upper
section, the shoe has a lock nut 3, with which the megnet screen 4 is moved

in relation to the ferroprobes of the probe assembly 5, in order to balance it.

Above the lower base of the collector shoe is fastened a metallic cover
plate 6, which slides along the surface of the rail head. The cover plate is
a replacable part of the shoe, and it is reﬁlaced when it wears out.

On the ends of the shoe, there are projections 7 which fit freely into
the vertical grooves of the holder between the magnet poles. Three flexible

wires lead from the probe 5, through a flexible cable Q«to a three-pronged plug.
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Fig. 72 Sensor assembly of the MRD-66 flaw detector.

Electrical system diagram of the flaw detector (Fig. 73). The intended
use and intersaction of all the branches énd elements of the electrical éystem
of the MRD-66 flaw detector are the same as in the MRD-52 flaw detector.
Therefore, there is no neea to introduce a detailed description of the intended
use and interaction of all the elements of the MRD-66 circuits, as was done
for the MRD-52 flaw detector. We will limit -ourselves to describing on;y those
branches and parts which are different from the MRD-52.

A different system is used for connecting the ferroprobes in the MRD-66
probe assemblies, and for connecting them to the secondary transformer winding
and the input resonance circuit of the amplifier.

The necessity of using the circuit diagram for the probe assembly ferro-
Probes shown in Fig. 70 arose due to the following factor: the bridge probe
system, where the ferroprobes of each probe assembly are connected in series-
aiding, does not promote relisble detection of symmetrically transverse fatigue

cracks, i.e. those cracks, the dispersion field of which acts on contiguous
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ferroprobes of both probe assemblies simultaneously and with the seme intensity.
The system used currently in the MRD-52, in which the probe assembly

ferroprobes are connected in parallel, has adequately high sensitivity to

symmetrical cracks, but, at the same time, ité sensitivity to lateral cracks

is lower than that of the probe system whose ferroprobes are connected accord-

ing to a bridge system.

SRR U

:Fig. T3 Principle electrical system diagram of the
' MRD-66 flaw detector. '

The bridge probe system presented in Fig. 70, where the ferroprobes of
one probe-assembly are.connected in series-aiding and the other in series-
opposed, ‘has high sensitivity to symmetrical as well as lateral fatigue.
cracks.

Toggle switches B nd BK5 have been_intrdduced into the circuit of the
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MRD-66 flaw detector. With these toggle switches, the centertap circuit of™
one of the probes is broken, and the centertap of the transformer is simultan-
eocusly grounded.’ This is necessﬁry when the flaw detector works with one -
probe. Switching the BK2 and BK5 toggle switches to the other position, the
transformer centertap circuit is broken, and the centertap of onerf the probes
is simultaneously grounded. This is necessary when the flaw detector works -
with two probes.

The first detector (rectifier) is compos<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>