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WIDEM Deliverable Report 6.2: Inspection performane of axle
Inspection methods on existing designs

1 Objectives

To determine inspection performance on existing aesigns

2 List of Abbreviations

POD Probability of Detection

UT Ultrasonic Testing

NDT Non Destructive Testing

MPI Magnetic Particle Inspection

ACFM AC Field Measurement

FSH Full Screen Height (an indication is notedrmamplitude as a percentage of FSH)

3 Introduction

3.1 Purpose and Role of Deliverables within WIDEM

Inspection reliability data in the form of probatyil of detection curves (PODs) are needed to determ
inspection intervals. Sources of experimental aath statistical background are not common, becaddbe
considerable expense in preparing sufficient defed¢est samples to give good confidence in thalt@sOnly
the offshore and the aircraft industry have thigetpf data, although some exist for general wegtispens,
and some examples are given below. The nucleasindhas tended to adopt a non-statistical appraach
sets out to provide an adequate signal to noise fietm known defects. The nuclear industry alsesuan
approach called inspection qualification, in whathsupporting evidence for an inspection is gitersupport
the case that an inspection is satisfactory. Theesadustry has also generated “Capability Stateéstievhich
are generic to each technique and can be useddene® in inspection qualifications.

The purpose of a POD curve is that it (with othactdérs considered elsewhere within WIDEM) enables a
capability for a reliability assessment of the diéet and the can be used to optimise the inspegteriodicity.

3.2 Crack Location and Morphology

3.2.1 Location
Cracks in axles occur at two significantly differ@neas for inspection:

1 On the axle body
2 In the wheel or brake or driving seats.

These areas may or may not be accessible for vmualrface inspection. The wheel seats can only be
examined in this way during overhaul and consequéeiel replacement.
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3.2.2 Crack Morphology

The cracks formed in axles vary considerably inrtappearance. Cracks in the body often form inlsma
groups (Figure.l). Fretting cracks under the wineddrake seat can have different appearances (gugeFR2
and Figure 3). These sometimes start at 45 degvehe surface.

Figure.1 Example of crack group on UK axle
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Figure.2 Crack under brake seat (axle from metsbtesy)

|

Figure 3 Fretting cracks in Lucchini Hollow axles

3.3 Methods of Axle Inspection

The methods of detection vary for solid and hollawles. In general surface NDT methods (e.g magnetic
particle inspection, eddy currents ACFM) can bedusen the axle body is to be inspected (excepsiplys
where access is restricted for example where tkere visual and/or hand access.

For cracks under the wheel seat (for example) searfaspection methods can be used only when thela/hee
removed. In service, ultrasonic methods are appééter from the end of the axle to mid-span othier (far
end scan), from the end of the axle to an adjaseat (near end scan), or from the axle body adhesseat
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(high angle scan). There are some automated pleasag methods of deploying the angle scan, and some
automated methods of deploying the far end scan

The far end scan is also used as a general ingpexter the length of the axle and because of cuaree is
applied at more regular intervals than surface oosh

For hollow axles the inspection is carried out bgpacial rotating probe from the bore. TWI alsoaleped a
special probe for inspecting the wheel seat sggd@ml the WIDEM project.

3.4 Previous Inspection Reliability Studies most Relat# Rail Axle Inspection

3.4.1 Ultrasonics — Near End and High Angle Scans

Most ultrasonics trials have been concerned witlhdvaefects, which are not particularly relevantaxie
inspection. These studies generally showed a veoy geliability for manual UT inspection in genefatound
50% POD for defects of greater than 10mm lengthladdim depth) (Verkkooijen 1997), and wide variatio
in operator performance in (Serco Assurance 19%®))vever there were some studies carried out bytiMar
Marietta Aerospace in 1973-5 which are recordeth@nNTIAC Non Destructive Evaluation Capabilitieat®
Book (copyright prevents reproduction of these withpermission) (Rummel and Matzkanin). These give
90% POD for fatigue cracks in aluminium using d 8lkip pulse echo method (angle not recorded) @aek
length of around 0.05 inches (depth 1.2mm). Thelaiities between this trial result and the neadl soan are
that (a) the defect is a fatigue crack (b) angl&chsonics is used (c) the inspection and defedases are
smooth. The differences are (a) the material (b)itispection was full skip rather than half (cjves carried
out at 10MHz rather than 5MHz. However, the type@fsitivity shown here is that which might be etpd
from near end and high angle scans. The most gignifdifference is the higher frequency, whichhis case
would increase the POD values compared to thostnéoaxles.

The figure of 1.2 mm given above seems to indit@éethe technique is better than the estimateeofyBn and
Watson (2001) (90% POD at around 3mm). Moreoverll KEB95) estimates the minimum flaw sizes
detectable by the high angle and far end scanset®.bmm and 1mm respectively, although this is not
associated with a POD estimate. There is therefonge evidence that the Benyon and Watson figuré&tniig
conservative, although the fact that it is a mamsgection might have influenced their estimate.

3.4.2 Ultrasonics — Far End Scan

The nearest equivalent result given is possibly phavided by Chapman and Bowker (2001) from a sanym
of work in the nuclear industry. This quotes a figof 4mm deep x 15mm long 'reliably detectablerémges
above 150mm in welds. The axle inspection far exah $s at a range of around 700mm and therefosdithit
of 150mm would be exceeded for the axle case.

The Chapman and Bowker result is not wholly incstesit with the figure quoted by Benyon and Wat&@94
POD at 5mm depth) given the increased range. Tduse is typical of the one used to estimate irdbrJfor
inspection. However, strictly speaking there isegaivalent experimental data on POD for this inipac

3.4.3 Surface Inspections

Studies have been made of MPI and of similar ingpecystems to those used by ACFM and EMFaCIS
(Pollard and Lear).
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The results are summarised in Table 2. 90% PODBRead as a reference, where this data is availaltheugh
full POD curves are available in the literature.

Summarising these results is quite difficult, theére are some things which may be concluded:

ACFM, MOSER (EMFaCIS) and MPI applied underwated bamilar levels of detection.
MPI sensitivity does vary considerably, but the oni#y of results suggest 90% POD for flaws arourtsirim
deep or less as a reasonable estimate on flacsgr{Bowker et al 1999).

The conclusion of the UCL work (Rudlin 1992) abaaes not agree with the study carried out withan riul
industry on the axles (Pollard and Lear); neitheedthe latter agree with the expert estimateseofyBn and
Watson (which also have similar PODs for MPI andyedurrent). It should be noted that the UCL worksw
carried out with very early versions of the ACFMlaBaMFaCIS systems. However there is no study availa
other than the rail industry one that comparesttrdormance of the techniques on good quality (wefded)
surfaces, and this is also the most recent study.

As NDT performance is very component and technispeecific, the rail industry result should be thesmo
appropriate to use. The implications of not usimg tesult if an accident occurred after MPI hadrbearried
out could be politically very significant. Thereeanowever some things which perhaps need to be a®rze
follow up to this work to give the result full crexice.

3.5 Effects of Coatings on the NDT Methods

Coatings, especially paint coatings, are appliethtoaxle to reduce the corrosion. Corrosion isadiqular
problem with certain freight wagons and with axdésse to toilet outlets on passenger stock. Thea@ngs are
not normally removed for ultrasonics, do not needé removed for the electromagnetic methods, aed a
removed and replaced for MPI. There is therefomes@dvantage in using the electromagnetic techejque
although the cost difference needs to be evaluathd inspections are found to be technically gglant.

More recently thermally sprayed aluminium (TSA) togs have become a possibility with a view to padowg
additional corrosion protection.

4 Approach for Inspection Reliability Measurement inWIDEM Trials

4.1 Measurement of POD

The experimental measurement of POD first requihed a collection of cracked axles be obtained. The
location and dimensions of the cracks should berdehed by the best possible laboratory inspeatethods.

Once the collection is characterised then inspedtials can take place. Trials can be blind, whbesoperator
is told nothing about whether cracks are presemtobr or open, where an evaluation of the indicaté the

technique is made in the knowledge of the crackderesent. Blind trials must be carefully arranged
minimise operator effects such as pre-knowledgb@etracks.

In some cases (for example MPI) the data is infte of detected/not detected. For ultrasonic addye
current methods then the data can be either infdinis or in the form of response vs defect sizee Tditer
allows the calculation of POD from a smaller numbgedata points and is the method used for the L

described below. These methods are described ia detail in other documents (Schneider and Rudliv
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5 Work Carried Out
5.1 Sample Acquisition and Manufacture

The axles that have been obtained are as follows:

Collection at TWI of service withdrawn solid axl€some of these have service cracks and some have be
fatigued to produce a crack Collection of cracksatid axles owned Applied Inspection, Glasgowt tas
hired for use in trials

Collection of smaller solid cracked axles at LBRiDatadt

Cracks made for the project in hollow axles at lhiec

5.1.1 TWI Axles

Characterisation was carried out by MPI and ACPBe Tethods of obtaining this data are called crack
characterisation and this is described below. AdpeA Table Al gives available details of thesecksma

5.1.2 Axles provided by Applied Inspection Ltd

The axles provided by Applied Inspection Ltd wereni a collection used for operator training. Thesze
characterised by MPI and ACPD. Appendix A TableghZs details of these cracks.

5.1.3 Lucchini Hollow Axles

The hollow axles supplied by Lucchini were fatigest samples and consisted of a single wheel sethiei
centre of the axle. These were characterised by MBIACPD. And the results shown in Appendix A Eabl
A3

5.1.4 Darmstadt Axles

The samples at LBF are from an urban Metro systdihere are 13 samples, 11 of which are cracked (the
uncracked samples were not used). The samplefidations and crack dimensions are given in Table A

5.2 Characterisation Methods

The cracks were initially detected with magnetictipbe inspection (MPI). An example is given in Eigs.1
and 2. These are used to measure crack length.

The ACPD (alternating current potential drop) metheas used to measure crack depth on all the cratks

gives an estimate of crack depth at individual foon the crack and a profile can be built up. Aanaple of
the type of data is given in Figure.4.
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Figure 4 ACPD Profile of crack depth

Phased array pulsed echo ultrasonics was usedlaexk on the ACPD results for larger cracks. Smalacks
could not be visualised with this technique appfiedn the same side as the crack due to the beamwidhe
available probe. This probe was also not large ginda provide a focussed beam when applied to thero
side of the axle. An example of the results from tachnique is given in Figure.5.

Plan of crac

Figure 5 Ultrasonic phased array images of crack

Time-of-Flight-Diffraction (TOFD) ultrasonics wadsa attempted. This was difficult to apply becatise
geometry of the component did not allow ideal posihg of the probe (equidistant from the cracktreg
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surface). The shallow areas of the crack were Imiddat some indications were obtained. Figure Gvshan
example of one of these.

Figure.6 Example of TOFD Image of crack in Darmstades

6 Inspection Trials

6.1 Far End Ultrasonics-TWI axles

6.1.1 Introduction
The investigation into far end ultrasonics wasiedrout in various stages.

1 An investigation by TWI of signals obtained fraime known cracks using non-standard axle inspection
procedures.

2 An investigation by a Level 3 Inspector with mamars of axle inspection experience and knowleddghe
procedures applied to the axles in the test. Theyator specified the procedure and gave the sgizhined
from the known cracks (a “fingerprint” inspectioithis operator also produced reference traces fer th
uncracked axle areas.

3 A blind trial by 5 inspectors with Level 1 axlespection qualifications.

6.1.2 Sample Description

The samples for the blind trials were selected f&irheld by TWI. Those selected included 5 sampigish
had had fatigue cracks induced by TWI. There we@ass 455 drive units, and the other was a pullexe
axle. The cracks in these samples were 5mm, 10ndni%mm deep as measured by ACPD.
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Also included were samples with known service csaamkd crack free samples (including two of the €5

type).

Further data was taken from samples containingeeoracks owned by Applied Inspection Limited

In summary the crack situations examined are ginéfigures 7-9.

All samples had the wheels removed for the inspedtials

6.1.3 Trial Geometries

Wheel
Seats

Figure 7 Plain Axles (slightly different wheel séa¢aring designs)

Situation Distance Probe-Probes Tested Other Comments
Flaw (mm) Seats/reflectors
in path
End 1,2 ~1000 0 deg single None Blind and
0 deg twin 2MHz non blind
5 deg twin 2MHz tests
5 deg twin 4 MHz

Samples in blind trial (for details see Table AX).JAdditional data for non-blind trials came frohpplied
Inspection samples 4,7,8.

These samples are Group 1 from both ends (seeo8étfi.1).
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of Cracl
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Wheel
Seats

Figure 8 Commonwealth Pulley Axle

Situation Distance Probe-Probes Tested Other Comments
Flaw (mm) Seats/reflectors
in path

Pulley End 0 deg single 1 Blind and
0 deg twin 2MHz non blind
5 deg twin 2MHz tests
5 deg twin 4 MHz

Non Pulley End 0 deg single 0 Blind and
0 deg twin 2MHz non blind
5 deg twin 2MHz tests
5 deg twin 4 MHz

Sample T

This sample is Groupl from the non-pulley end anou@ 3 from the pulley end (see Section 7.1.1).
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Earth
CraCK Return Brake/Drive
Locatlor\1 seat seats

NON
GEAR ENC \ Wheel CEAR END

Seats

Figure 9 BR Axles Type 455 Motor axle (6 axles 4hvartificially induced cracks)

Situation Distance Probe-Probes Tested Other Comments
Flaw (mm) Seats/reflectors
in path

Gear End 1200 0 deg single At least 3 Blind ang
0 deg twin 2MHz non blind
5 deg twin 2MHz tests
5 deg twin 4 MHz

Non Gear End 1050 0 deg single 1 but complex | Blind and
0 deg twin 2MHz non blind
5 deg twin 2MHz tests
5 deg twin 4 MHz

Samples used E,F,G,H,S,R.

These samples are Group 2 from the non-gear enGeonup 3 from the gear end (see Section 7.1.1).

6.1.4 Procedure

TWI Level 3 operator

The TWI operator was aware of the crack locatidms,was not aware of standard axle inspection igokes.
This operator adjusted the display on the ultrasset to show a region near the crack. He recattaedrack
signal amplitude and the location and amplitudéhefnearest geometric signal. The crack signalisegified
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by its appearance at only part of the circumfereneeereas geometry signals appeared over the whole
circumference.

A wide range of probes were tested.
Axle Level 3 Inspector
This inspector set up his instrument accordingtéaodard British Rail procedures for the particudales. This

usually meant a 50% reference signal from the far gpigot radius. The maximum amplitude obtainednfr
each crack was then recorded with the differenb@so

6.1.5 Procedure (blind trials)

The samples were laid out on a bench at a heigapfoximately 0.8m above the ground (slightly leigthan
normal inspection heights) as shown in Figure HhEaxle was given a label which was differentefach of
the inspectors.

Instructions to operators (blind trials)

The instructions given to the inspectors are giveAppendix B. No time limit was placed on the iaspon.

Each inspector was provided with a “no cracks” pagopy of the screen image from each axle typerdsmb
by the Level 3 Inspector.

Figure 10 Workshop situation for far end crack deom tests
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6.2 Investigation of High Angle UT Inspection for crackin wheel seat areas

6.2.1 Introduction

The high angle scan (usually with 45 or 60 deghsaswave or similar probe can be used to inspectvheel
seat or adjacent areas from the other side of}lee &he path length for the ultrasonic beam isdfere of the
order of 150mm or more. The cracks to be detecyatiib method could be either in the wheel seatheraxle
body close too the seat or in the radius.

6.2.2 Sample Description

A selected number of the Darmstadt cracks were. B@ohe experiments were also conducted on the sampl
at Springburn. These were on crack detection in.rad

6.2.3 Procedure

All samples had the wheels removed for the inspadtiials. The inspector set up his instrument etiog to
standard procedures for the particular probes lamamplitude of the signal from the cracks recorded

Different probe types were investigated.

The tests on the cracks in the radii were set up aistandard procedure for the axle with the egfeg signal
set from a wheeled axle with the correct geometry.

The measurements were carried out on known cracisestrial is not blind.

6.3 Magnetic Particle Inspection

6.3.1 Introduction

The Inspector MPI Tests were carried out at SpungtDepot, Glasgow, Scotland over two night shafis
9/10 May 2007. Prior to this TWI had carried out MRl inspection using manual methods to establh t
range of cracks in the samples.

6.3.2 Sample Description

12 samples were selected from the 20 axles heldvdy Those not selected were axles with inducexstls
where a crack starter was visible, and those wifficgently large cracks so that useful POD data walikely
to be produced.

All samples had the wheels removed for the inspadtials. All the cracks tested were service iratlic

6.3.3 Equipment

A standard Magnaflux bench unit was used, with riiscent ink. The bench was provided with shroud to
prevent ambient lighting during the inspection.

6.3.4 Instructions to operators

Two inspectors were used. One was a Level 2 MA @& years experience of testing axles. The otlzey av
Level 1 MPI with 22 years of axle testing experienc
The inspectors were read a prepared script (AppdB)dgiving them instructions and preparing for thal.
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6.3.5 Procedure — Blind Trials

The sample was loaded into the unit and the shapypdied. Only the transverse (coil) magnetizatiaswsed
with a current of around 1.1kA (standard for thagke sizes). This was applied before the ink andréscent
light was applied. The supervisor went with thepexor into the shroud and recorded the results filoe
verbal comments and measurements given by thedtmspe

6.4 Investigation of Surface Waves

6.4.1 Introduction

The surface wave method was developed for Apphegdction to inspect parts of plain axle and expcsat
radii from a small number of inspection locatioiife surface wave technique can detect cracks @s aatl
some distance from the crack location, and thistesigd in the trials.

6.4.2 Sample Description

The samples used were the TWI and Applied Inspecamples with cracks in the mid span of the akihe
inspection method was also tried on some of theksradjacent to the wheel seat.

6.4.3 Procedure

An Applied Inspection standard procedure was uShd.equipment was set up on a slot with known dapth
the response set to 80% FSH. The surface wave prabéhen deployed to the axle in question andsitneal
amplitude measured.

The trials were not blind, as the signals were neéet from known cracks.

6.5 Investigation of High Frequency Eddy Current Probe

6.5.1 Introduction
This probe type is most frequently used in the sygoe industry. It is shown in Figure 11.

Figure 11 App 05 Probe used for high frequencyentpns

6.5.2 Samples Tested
A number of the TWI and Applied Inspection samplese tested.
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6.5.3 Procedure

The procedure for the inspection was supplied bgligg Inspection. This involved setting up the fastent to
give 80% FSH for 0.5mm deep slot in a test sample.

The measurements were carried out on known cracisestrial is not blind.

6.6 Investigation of Eddy Current Array

6.6.1 Introduction

The GE Eddy Current Array probe (Figure 12) wasetlgyed by Hocking NDT (now GE) for Applied
Inspection to enable a large area of material tsmbpected rapidly, it covers a width of approxietat25mm
and is moved at right angles to the expected cdagction (i.e along the axle). It can be deployed
inspection of plain areas of axles in depot

Figure 12 GE Eddy Current Array Probe

6.6.2 Sample Description

The samples used were the TWI and Applied Inspecamples with cracks in the mid span of the akihe
inspection method was also tried on some of theksradjacent to the wheel seat.

6.6.3 Procedure

The equipment parameters to use were supplied Ipjiggbinspection. The signal from a known slot Omdbm
deep was set at 100% FSH and the signal from eafdttdrecorded and measured. The set up used has ¢
instrument setting containing a high pass filtdnisTmeans that to record a signal the probe mushdseng
over the crack when testing occurs.

The measurements were carried out on known cracisestrial is not blind.
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6.7 Investigation of Eddy Current Weldscan

6.7.1 Introduction

The GE Weldscan probe (Figurel3), as its name sigjghas been designed for weld inspection. It was
developed for this purpose in the 1980’s. It haes ghoperty that the design limits the lift off sednFor the
purposes of axle inspection, it is convenient thais a radiused end, and therefore it is idesliyed to the
detection of cracks in the wheel seat area.

Figure 13 Eddy Current Weldscan Probe

6.7.2 Sample Description
There were only two samples in the UK range witltesle cracks to investigate (Samples O and Q).

The measurements were carried out on known cracisestrial is not blind.

6.7.3 Procedure

Setting up of the Weldscan probe is carried ouhwitflat test block containing slots of 0.5, 1mnd &mm
depth. The probe was set up with the 1mm slot &% BSH and other signals measured with respecato th

6.8 Investigation of ACFM

6.8.1 Introduction

ACFM (Alternating Current Field Measurement) iseahtnique developed at University College Londoth&
early 1990’s and is currently marketed by TSC lesipa Systems. It is designed to give a calculatibactual
crack depth from the The system consists of a largbe (or array of probes) that must be movedgtbe
length of a crack to produce the appropriate sigié scanning method is therefore around the i@theer
than along it and it is most suited for situatiarieen the axle can be rotated for the inspection.

Unfortunately it was not possible to carry outsest this method in this project for logisticalseas.
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6.9 Investigation of TWI UT Inspection for cracks in wdel seat areas

6.9.1 Introduction

This method of inspection was originally developsdh a view to assisting Lucchini in fatigue crack
monitoring. In principle an ultrasonic beam deplbye®m the radius is set up to pass under the wdesdlfor a
short distance, and can in principle detect cragkder the wheel. It consists of a conventional kmal
compression wave probe mounted on a specially dedigvedge. Figure 14 shows deployment on the
calibration sample.

Figure 14 Deployment of the TWI Wheel seat probe

It was shown in early experiments that the wave m@sa surface wave so the presence of the wheeldh
have no effect, but it was never tested with a Wwimeglace.

6.9.2 Sample Description

The calibration sample details are shown in Figlse The Lucchini hollow axle samples were used .The
geometry of the radius is critical in the probeigesso it was only used on the radii where undeeeih
cracking was expected. Figure 16 shows the expatimegyrogress.
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Figure 15 Details of Calibration sample (all slb@nm long x 2mm deep).
6.9.3 Procedure
A test sample was made up containing three spadedrslots of 2mm depth and 10mm length at differen
distances from the seat. These were set up toagiv80% FSH signal using Force P-Scan equipmenge (Th
probe could equally be used with a standard Ubgethis does not have the spatial recording tgcili

The measurements were carried out on known cracisestrial is not blind.

Figure 16 Examination of Lucchini Hollow axle wiliwI Probe (the P-Scan equipment is in the backgipun
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6.10 Investigation of Hollow axle Inspection by RotatjnBore Probe

6.10.1Introduction

Inspection of hollow axles is normally carried ausing rotating probes working from the bore of éxe to
detect cracks in the surface, either on the axty loo the wheel seat.

6.10.2Sample Description

The samples were provided by Lucchini and werg@aticracked samples specially produced for the WIDE
project (although the intention of the samples weastudy crack growth rather than as samples fgpention
trials). These samples contained a single wheeladehe axle centre rather than at the ends.

All samples had the wheels removed for the inspadtials.

6.10.3Procedure

The axles were inspected with the rotating prob&pement in Lucchini, Lovere (Figure 17). The gaintioe
system was initially obtained for 1mm deep slotae80% FSH. However many signals were reportddvat
amplitude so for each detected crack, the gainadassted to be 80% screen height and the addadbtnasted
gain recorded.

The measurements were carried out on known cracitsestrial is not blind.

Figure 17 Rotating Probe Equipment for hollow arkgpection

6.11 Investigation of Near end UT Inspection for cracks metro axles

6.11.1Introduction

These experiments were carried out in two stagé8BtDarmstadt. The original procedure using a free
probe was followed except a number of angled beaigs were used.

6.11.2Sample Description

All the Darmstadt samples were used in this tAdlsamples had the wheels removed for the inspadtials
The general geometry and crack location for theri3éadt axles are given in Figure 18.
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Figure 18 Axle geometry and crack location

6.11.3Procedure

A sample with a 3mm deep slot was provided forbeation. The procedure indicated that this shoadét at
80% FSH and indications larger than 40% reported.

The measurements were carried out on known cracksestrial is not blind, however in some repewigrthe

operator was not advised of previous results scesontication of repeatability was obtained. Figlifeshows
the experimental layout and the probe in operation.

Figure 19 Testing the Metro Axles (near end)
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6.12 Investigation of Far end UT Inspection for cracka metro axles

6.12.1Introduction

This was carried out for the purposes of invesiigaonly. From the far end the cracks were at sadie of
about 1m from the probe, corresponding to far esgection to mid span of a full size axle.

6.12.2Sample Description
This experiment used all the Darmstadt axles. &thgles had the wheels removed for the inspectials tr

6.12.3Procedure

No formal procedure existed for this inspectiontasas for the purpose of investigation only. Hoe purpose
of the experiment the noise level was recordedhsab the crack detectability could be estimatedufgg20
shows the inspection in progress and gives anafi¢iae restricted movement possible with the probeause
it was working in a recess.

Figure 20 Far End Inspection of Darmstadt axlesvig access limitation.

7 Results
7.1 Far End UT (TWI/Applied Inspection Axles)

7.1.1 Analysis and Results

In order to generate POD curves from signal anghdis it is necessary to have both a threshold tfctien
and signal amplitudes. The reporting threshold inagever used for the threshold.

The results analysis for the POD considered varasmpects of the trials. An extension of responssugesize
method (Schneider and Rudlin 2003) was used toustdor variations in signal amplitude I8gith:

logD (whereD is crack depth)

‘Group’ i.e. geometrical complexity of axle

Probe

Operator

Statistically significant interactions between abdactors
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The fitted POD model was based on multiple limegression of lo§ versus the above factors
Non-detections and saturated signals treated aoshdata
Regression coefficients estimated by Maximum Liketid method

The factors affecting POD (in order of statistisgnificance were:

Crack Depth

Axle geometry

Probe

Operator

Interaction between probe and operator

In the second case the detection is complicatethdyoise of surrounding geometric signals. Thesaxere
divided into 3 different groups.

Group 1 Plain axles (wheel seats only)

Group 2 Mildly complex - one other seat some distafinom crack

Group 3 Complex- crack close to geometry change

Figures 21 (a) and (b) show the effect of two dédfé geometries on crack detection

MASTER 0 DEG (DOUBLE CRYSTAL) CLASS MASTER 0 DEG (DOUBLE CRYSTAL) CLASS
455 G.E. SAMPLE E 455 N.G.E. SAMPLE E
17% F.S.H. @ 4.8 DIVISIONS F.S.H 24% @4.2 DIVISIONS

Figure 21(a) Typical Crack Signal Groufpigure 21(b) Typical Crack Signal Group
3 axle (Crack was 10mm deep) 2 axle (Crack was 10mm deep)

Formal tests of statistical significance of wereriea out on
Main factors above
Interactions between each pair of factors

Formal tests of linearity of the relationship beténwdog S (signal) and logD crack depth) were aloied out
and a Log-normal probability plot of residuals dftefd model was also produced, including checks for
statistical outliers.

The results confirm the adequacy of the fitted nhode

The POD curves for each case are given below inr€ig2.
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Figure 22 The POD curves for each case of probeagledgeometry.

This data can be usefully summarised by referrinthé 90% POD for the “typical” operator (here takem
the main group). These results are shown in Table 1
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Table 1 Summary of results for 90% POD (best opesat

0 deg 2MHz 5 deg 2MHz 5 deg 4MHz

|Group 1 8-10 7-9 3-5
|Group 2 15-20 13-15 6-9
|Group 3 >25 >25 10-15

Table 2 Order of Operator performance (from POD)

DFGCE CFGED FGEDC

0° 2MHz Group 1 5° 2MHz Groupl 5° 4MHz Group 1
DFGCE CFGED FGEDC

0° 2MHz Group 2 5° 2MHz Group2 5° 4MHz Group 2
DFGCE | CFGED FGEDC

0° 2MHz Group 3 | 5° 2MHz Group3 5° 4AMHz Group 3

Table 3 shows a summary of the hit/miss and faddle@ecords.

Table 3 Hit/miss and False Calls

0 degree 2MHz probe

Operator Pl Q R S T
No of correctly identified cracks 3 101 | 6 | 6
No of indications called in non-crack position® | 7| 2| 3| O
No of ends correctly identified as flaw free 6 |1 [65 | 8

5 degree 2MHzprobe

Operator Pl Q R S T

No of correctly identified cracks 8 B 4 6 |7
No of indications called in non-crack position® | 7| 0| 2| O
No of ends correctly identified as flaw freg 8 |1 |86 | 8

5 degree 4MHz Probe

Operator Pl Q R S T

No of correctly identified cracks 6 4 B 10 10

No of indications called in non-crack position® | 5| 0| 4 | 2
No of ends correctly identified as flaw free 8 |3 |84 | 6

(No of cracks in sample:12 (6 cracks from each eBdincracked ends.
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7.1.2 Discussion

The results show that there are different POD @ufoe different situations. The POD is better foe thigher
frequency angled beam probe and for the simplegsa8ince the standard procedure for t\he simplesaises

a 0 degree probe then there would be benefits thenuse of higher frequencies and angled beamsdéomid
axle cracks. The same applies for the more comgéexnetries. The POD data used at present for dstgna
inspection intervals in the UK (Benyon and Watsgaye 13mm for Far End Scan 90% POD. This can be see
to be slightly pessimistic for inspection of tragi (simple) axles and optimistic for more difficgituations.

The order of the operator performance was the sdepending on the probe type used. This suggests :
tendency for the operator to prefer different pgbE&he human factors affecting operator performaaree
considered later. However Table 3 suggests thaesirthe good POD results for the 0 degree probe @Gdme
with a higher number of false calls so that thedb¢mf a good POD would be lost. This was lessmahe
other probes but there were still some operators gave a high number of false calls.

7.1.3 Conclusions

1 The performance of the far end inspection dependke axle geometry, location of the crack anoiaghof
probe. It is extremely dependent on operator perémce, which can have a low POD but also a higiadd P
with false calls.

2 In general the 4MHz angled beam probe gave are®D than the traditional (i.e BR Procedure) grele
2MHz probe.

3 The curves currently being used in industry ttedrine inspection intervals may be too pessimikiic
trailing axles and optimistic for complex geomeatinring axles.

7.2 High Angle UT

7.2.1 Results

The POD curves for the high angle UT were produedative to a noise level rather than to a fixedgedure
because none was available for the particular gagnrevolved (most procedures estimate signal atugés
relative to a geometry signal).

The curves are given in Figures 23 and 24. Furéwilts on radii are given in Table 4.
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Figure 23 Probability of Detection Curve for higingée scan with 45 degree probes at different fragies
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Figure 24 Probability of Detection Curve for highgée scan with 60 degree probes at different fragies.

Table 4 High Angle scan detection of cracks oniradi

Sample Crack DepthSignal Amplitude

(mm)
O 1.8 6dB less than threshold
J 2 16dB less than threshold
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7.2.2 Discussion

The results show that the 90% POD for the higheusghn is at 1-2.5mm depth with the best resuis fa
4MHz 45 degree probe. The results for the 45 degrebes are consistent with expectations with tigbdr
sensitivities being obtained at higher frequendiets, is not so with the 60 degree inspection. fdeson for
this may be that the noise level was higher inGBedegree inspection (mode conversions of the sdtria
beam usually mean that a higher gain is needethése inspections at this angle). The estimateosenmay
have been more pessimistic for the 4MHz case.

When attempting to detect cracks in radii, the ltssshow below procedure threshold signals. Thidctde
due to the changed angle of the cracks relatitbdadeam or the setting of threshold using a geacaésignal
means a reduced gain.

7.2.3 Conclusions
1 The high angle scan gave a 90% detection rate20dmm when detection set relative to noise

2 This value should be used with care when attergpt detect cracks in radii or when the detectioashold
set relative to geometrical signals.

7.3 Magnetic Particle Inspection

7.3.1 Results

The results are shown in Appendix C. This comp#nesresults obtained prior to the trials by TWingsia
manual yoke with black ink and white paint and alkows the trial results.

A summary (Table 5) shows the eventually conclugsdilts.

Table 5 Summary of MPI Results

Sample | acpp | Init MPI | A B
Number 1=Hit | O=miss
O

18 |18 1 1
P

>10 | 190 1 1

>10 | 130 1 1
A

6.2 | 195 1 1

04 |23

16 | 38
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H
0 5 0 0
J
2.2 1 1
2.2 1 1
Q
13 0 1

7.3.2 Discussion

The results shown in Appendix C the considerableatsdity of the operators’ reports, and also tlevere
limitation placed on the experiment by the choi€esing service induced cracks. It can be seenthigae was
only one crack missed by one operator and not theroand to produce a POD curve on this basis avbal

impossible. Operator A was far more experienced @pdrator B produced many calls from scratcheshen t
surface.

It is important to realise that all the cracks usethese trials were detected by MPI, thereforerinciple all
can be detected. Therefore it is clear that opepEdormance is the critical factor in the POD k&Pl as far as
can be realised in these trials (the main othdofdameing crack gape or closure, which would regjsieparate
measurement)

7.3.3 Conclusions
The POD for MPI could not be determined from thenber of service induced cracks available.

The was clear indication of the wide variation pecator responses that are possible with MPI.

7.4 Surface Waves

7.4.1 Results
Table 6 shows the results for the surface waveeictsgn tests

Table 6 Results for surface wave inspection

S\
(30cm)
SwW (Radius sef

Axle Location | MPI ACPD | (60cm) | to 100%)
O radius 20 1.8 100+8dB
B1 Body 12 60 100+6dB
B2 Body 28 6.5 100 100+8dB

35% screer]
Jend 2 radius 2 height
Q radius 1.3 100-3dB

35% screer]
26577 A 18 3.2 height

5% screen
41641 B 10 1.3 height
14168 Corroded| 14 1.5 >100%F3H

Not
99961 10 2 detected
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7.4.2 Discussion

It can be seen from Table 6 above that the susane method has a capability for detecting surfaeeks at

some distance from the probe, and therefore hagdbential for inspection of a large area with liedi
scanning. It can also inspect within the radius©\wiasonable sensitivity.

7.4.3 Conclusions

The surface wave method has shown potential foectieg small cracks over a large area with minimum
scanning

7.5 High Frequency Eddy Current probe

7.5.1 Results
The Results are given in Table 7. An example ofstreen trace is given in Figure 25.

Figure 25 screen trace (100% FSH) for the cracample AB10560 using Probe App05.

Table 7 Results from Eddy Current Probe (App05)
(Note App05 is the Applied Inspection Code for pinebe)

Axle Location | MPI ACPD App05
26577 A 18 3.2 100
41641 B 10 1.3 >100
14168 Corroded| 14 1.5 100
TB2681 Body 5 0.5 68
AB10560 | Body 10 2.1 >100
99961 Body 10 2 100
Potashl Body 1 100

2 Body 8 0.5 75
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7.5.2 Discussion

An analysis of these results gives a POD of ovéb 99r cracks greater than 0.2mm. This is theretbearly

an effective method for surface cracks. The prahers a very small area and therefore it is probbabst used
when the expected location of cracks is knowns Itniore limited in practice because the human faatoay

cause a signal to be missed or a part of the axbe hot covered.

7.5.3 Conclusions

The high frequency eddy current method seems @y effective method for detecting small surfexacks
in axles but is limited by the extensive scannieguired.

7.6 Eddy Current Array

7.6.1 Results
The results from the eddy current array tests laogve in Table 8

Table 8 Results obtained for the Eddy Current ARegbe

ECArray(App09)

Axle Location MPI ACPD | % FSH
@) radius 20 1.8 100
26577 18 3.2 80
41641 10 1.3 60
14168 Corroded| 14 1.5 70
TB2681 5 0.5 65
AB10560 10 2.1 75
99961 10 2 80

Corroded
Potashl | Multiple 1 100
2 8 0.5 80

7.6.2 Discussion

An analysis of these results gives a POD of ovéb 99r cracks greater than 0.1mm. This is theretbearly
an effective method for surface cracks. The coveraglso good (approx 20mm wide scan). The PODbsil
more limited in practice because the human fagttag cause a signal to be missed or a part of tleetaxbe
not covered

7.6.3 Conclusions
The eddy current array method seems to be a vigtee method for detecting small surface crackaxles.

7.7 Eddy Current Weldscan

7.7.1 Results
The results are shown in Table 9.

Table 9 Results for Weldscan probe
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Axle Location MPI ACPD Weldscan
(6] radius 20 1.8 100
41641 radius 5 0.75 80
Coach3 radius 12 1.6 80

7.7.2 Discussion

There are insufficient results to give a POD irstbase. However it can be seen that although trelsi
obtained is not directly proportional to the ACPaek depth

7.7.3 Conclusions

The Weldscan probe provides an effective methoohggecting the radius area provided that it is ssitée
and that the scanning is good.

7.8 ACFM

ACFM work on the axles was not carried out dueotgidtical reasons (availability of equipment andspanel
when needed). It is reasonable to expect thatethdts would be similar to the eddy current tests.

7.9 TWI UT Inspection for cracks in wheel seat areas

7.9.1 Results

Figure 26 shows the A-Scan results from the cdiilmeasample, and Figure 27 shows a typical scah thi¢ P-
Scan equipment of a crack in a Lucchini sampleute®8 gives the POD curve when the thresholdtisitse
40%FSH with the 2mm slot set at 80% FSH.

Ascan at different locations
Non defective area

- _Standing echo
in probe

0 100mm
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0
Detection of slot 1

100mm

0 100mm
Detection of slot 2

0
Detection of slot 3

100mm

0 100mm
Detection of slot 4

Figure 26 Results from Calibration slots

Crack 6.7mm depth (ACPD)

Crack 0.8mm depth (ACPD)

Figure 27 Images of cracks from P-Scan equipment
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TWI Method (40% FSH Threshold)

1.2

o
©

©
~

Probability of Detection
o
(o]

0.2 A

O T T T T T T
0 5 10 15 20 25 30 35

Crack Depth (mm)

Figure 28 POD Curve for TWI Wheel seat inspectiathod

7.9.2 Discussion

The POD curve for the method gives 90% POD at gwsr 5mm crack depth. This means that the method
could be useful in certain practical situationsisTROD could be improved if a lower reporting threlsl were
used. Whether or not this is possible depends @mdise levels from the adjacent geometry. It shbel noted
that the probe wedge would need to be carefullygdes for each different radius design at the wiseat and
the performance may vary.

7.9.3 Conclusions

The TWI developed method for inspecting under tineeV seat from the radius is effective and couldiged
as an alternative to other methods in this area

7.10 Hollow axle Inspection by Rotating Bore Probe

7.10.1Results
The calculated PODs are shown in Figure 29.
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POD for Hollow Axle Inspection (10% threshold)
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' V — 38 degree probe (one side)
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Figure 29 POD curves from hollow axle inspection

7.10.2Discussion

Figure 29 shows that detection by means of theoholixle probe appears to be very poor, with a 90%
detection only being achieved at around 15mm cdegith for the 45 degree probe and result from the 3
degree probe showing an ineffective inspections Tha rather surprising result. There may be sfveasons

(1) the setup was based on a 1 mm deep slot 882aFSH with the POD calculated for signals abdd#1 A
1mm slot is a very good corner reflector at 45 degrand this may set the sensitivity very high.

(2) it is clear that the reflection from the craéksmuch less than that from the slots, howevés @lso clear
that most of the cracks can be identified fromuhesonic signal provided a much higher gain isdus

(3) The 38 degree result was probably highly aéddby the fact that it didn’t detect a 30mm deegckr
(although the results were always worse than théegfsee probe.

Unfortunately no results were recorded at the firom the forward facing probe and this may havendestter
oriented to the cracks.

7.10.3Conclusions
1 The hollow axle UT inspection is clearly in neddurther investigation.

7.11Investigation of Near end UT Inspection for cracks metro axles

7.11.1Results

The response vs. size method was used to analgsdathh. The data points are plotted on log/logesodl
response versus size (Figure.30). Using maximurelitikod estimation, two parallel regression lines a
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plotted through the two sets of data respectiviElgether with the corresponding 10% and 90% confide
limits. 50% of each population is therefore abolve &ppropriate regression line and 50% below. Tthes,
point at which the regression line crosses thertgmgpthreshold corresponds to 50% POD. The PODecuan

be derived from the confidence levels that corraedpi the various points along the reporting thoéshine

(e.g. 90% POD occurs when the 90% confidence knoisses the reporting threshold line and so on).

Figure.31 gives the result for the 0 degree probkss is an appropriate POD for the standard proetbr the
metro axles. Figure 32 gives the POD for the angkstms which is more appropriate for near end scans

7.11.2Discussion

The results from Figure.31 show that the 90% PO& ebout 3mm for the 5MHz probe and about 4mntHer
2MHz probe. Since this method is detecting cradkes r@latively short range (less than the far ezahsn full
size axles) although using a method similar to fireend scan, this result appears to be slightlymogtic
compared with the Benyon and Watson estimates.

However there are some limitations to the experinteat may have led to this result and these neddet
investigated further. The measurements were madBMlypersonnel with no specific time limit to carout

the inspection rather than the normal personnel émethe inspection. Also the brake drum wouldib@lace
when the in-situ experiment was carried out. Thaultehas been obtained by comparison with NDT data
(mostly ACPD for the smaller cracks) and this izofirse subject to inaccuracy.

The difference between the 5MHz and 2MHz probesatse in line with expectations. The 2MHz frequency
has a wavelength of around 3mm so the respondavis bf this order of size is likely to vary conasidbly. It
is therefore likely that some flaws will be missadd the POD affected.
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Figure 30 Response vs size analysis for angled beam

Predicted PODs for O degree beams

100%
90%
80%
70%
60%
50%

40%

—— 5MHz Krautkramer (best estimate)
------- 5MHz Krautkramer (95% lower conf. limit)
—— 2MHz Sonatest (best estimate)

------- 2MHz Sonatest (95% lower conf. limit)

30%

Probability of detection

20%

10%

0% T

0 2 4 6 8 10
Crack depth (mm)

Figure.31 Predicted POD curves for O degree beams

7.11.3Conclusions
The O degree

Near End Tests -Darmstadt Axles

— Sonatest 2.25MHz 12.5 deg

— NRS 2.5MHz 15 deg
Sonatest 1MHz 15 deg

—— Sonatest 2.25MHz 12.5 deg

(repeat)
— Sonatest 2.25MHz 15 deg

Probability of Detection

— GB 2.5MHz 5 deg

0 5 10 15 20 25 30 35
Crack Depth (mm)

Figure 31 Results from near end inspection (angésins)
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7.11.4Discussion

The results appear to show that the 90% probalufigyetection of cracks using the near end scanbsbgeen
3-8mm crack depth depending on the type of proled.uBenyon and Watsons estimate for this valueosral
3mm so these results appear more pessimistic. Tdpmrears to be no obvious improvement to be gaiyed
increasing the frequency or changing the angle.

It can be seen that the repeated test did nottheyeame POD curve although the 90% POD point waitas.
Further investigation of the repeatability of theéests showed a great deal of variation due prignéoi the
coupling conditions. The small area to inspect tedflat probe surface make this inspection quiftecdlt.

It should be noted that this is a metro axle arlettore of small diameter compared to a standaid axle,
however the path length was similar so the reshitaild be reasonably comparable.

7.11.5Conclusions

The 90% probability for the near end detection ¥asd to be between 3-8mm depth. This was extremely
variable due to difficult coupling conditions.

7.12 Investigation of Far end UT Inspection for cracksetro axles

7.12.1Results
The results are shown in Table 9
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Table 9 Results from Far end scan of metro axles

Crack
351
306c2
320
151
356
364

Length(mm)
43
57
52
110
41

43

Probe

Crystal Type
Angle
Frequency
Delay

Crystal diameter

Depth(mm)
10
14.7
6.7
313
9.1
7.6

Sonatest NRS La O NRS La 5 Sonatest
SLF 2-25 Lz Lz KK B2S SLF 1-25
single twin twin single single
0 0 5 0 0

2.25 25 25 2 1.25
2.014 9.725 9.725 1.955
25 dia 2 (?X?) 2 (?x?) 24 dia 25 dia
dB for

80%FSH

102 115 ND 100 ND
81.5 105 106 88 101
90 114 115 91 98

63 87.5 85.5 64 74.5
86 105 114 91.5 95.5
97 109 110 103 98.5

GB TCBR
25

twin

5

2.5
15.917
2 (?x?)

105
91
97
69.5
96
103

Sonatest
SLF 5-25

single

0

5

1.875

25 dia

93.5

82

99

66

97.5

99.5
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7.12.2Discussion

It can be seen from the Table that not all thekgagere tested and that high gains were neededtéextdthe
cracks. However it can be seen that cracks of tHer®&-7mm deep could be detected by most of thbgw,
making the results comparable with the other far ials. Although the distance was similar the rpatation
of the probe was extremely difficult. Further arsadyof these results is needed.

7.12.3Conclusions

The results from this trial were comparable withestfar end results.

8 Human Factors Effects
8.1 Introduction

It has long been recognised that human factors playge part in the performance of inspectiongaskdesk
study carried out by RSSB and TWI for WIDEM in tmeman factors area included the following:

0 Attendance at the Programme for the AssessmenbDdfiN Industry (PANI)-3 meetings

o Discussions of human factors with RSSB human facgpecialists regarding experimental
design

0 A literature survey carried out by RSSB

In addition consideration of the trial results obéa in terms of the variation shown in human fegis made
below.

8.2 TWI/RSSB Human Factors Study

The PANI 1 and PANI 2 (Serco Assurance 1999 andip@@ojects had shown that there was a considerable
variation in operator performance for manual ultras inspection(around 20%-80%) in the chosen icispe
tasks and that this variation was larger than dfgceof improved specific training or procedur@ANI 3
attempted to find out the human factors which dbuoted to top performance. It was carried out byc8e
Assurance and funded by the UK Health and Safetgciivve. TWI had been a member of the Steering
Committee of both PANI 1 and PANI 2 and RSSB atsogd

PANI 3 (Serco Assurance 2007) showed that theresease association between a good operator perfa@nan
and a high result in tests mechanical compreheramhlow results in tests for originality and caati It was
also shown that the best results were obtained wherators understand the geometry of the inspeeata its
effect on ultrasound and similar interactions diedes and ultrasound. These factors are not usuadlyded in
operator training.

An RSSB study (Mills 2004) investigated the MPI hat and also concluded that the maximum variation i
performance was between inspectors and that notiegleest yet had been successful in extractimghibst
inspectors. It also recommended that a number abifa be introduced to improve the likelihood oaak
detection.
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The literature review (Salt and Bellerby 2007) cenned itself mainly with the factors involved witisual
inspection. This suggested a 60-80% POD and gawe sdea of the test types that might help withc@a of
individuals for inspection work.

8.3 WIDEM Results and Discussion (Human Factors)

The results in WIDEM for the Far End Ultrasonicgestion at Springburn and those from the MPI inpac
were carried out by more than one operator andether show what variation is possible both between
operators. Results from The ultrasonic tests atri3tadt were able to give an idea of the repeatalufi the
results as the same tests were carried out witeahee operator after a two year interval.

The results from the far end tests at Springbuowsld that the 90%POD for operators varied by aofaat 4

or more, and the simple POD measure varied frora taan 10% to 84% (derived from Table 3). This
corresponds reasonably well with the PANI resul8% to 80%) although the PANI results were for weld
inspection with Level 2 qualified inspectors (axtspection is normally carried out initially by aetel 1
inspector).

The reason for some of the variation can perhapebe in Figure 33. It can be seen that the vandietween
a repeated experiment using the same operatopregai samples and procedure separated by 2 yeagsaga
difference in signal height of up to 20dB. It wdscafound that the variation in signal height wasregreater
for the calibration slot using the same probe affdrént operators (Table 4).

This in essence shows that the inspection is imtigrelifficult to repeat. This is because the cawoglvaries
continuously and the optimised position of the jgrédr maximum amplitude from the flaw is very Ideal. In
fact it was noticeable during the inspection thegt Sonatest probe was easier to optimise than kherkbe
and this is reflected in Figure 3 as the maximumatbdity in the Sonatest probe is only 7dB. Counpla
variation and sharply localised optimum positioas the probe are not unusual for ultrasonic ingpastand
undoubtedly account for some the variations atteuto human factors. They can be largely elimihdig
automating inspections where possible.

The MPI tests showed a considerable variation batwke responses of the two operators, but thismeaasly
in the number of false calls.

It should also be noted that none of the abovesrtg the operator vigilance. It can reasonablgssimed that
these results were obtained with maximum vigiland¢hether they would be worse in actual operating
conditions where a crack may occur very rarely ebadeable, but does seem likely. In MPI in parécul
vigilance will probably be the main limitation dfe technique, as it otherwise appears very seasitiv
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Figure 33 Variation between recorded gain valuegéeh crack inspected by the same operator wWatlezar
interval between inspections

Table 4 Variation in signals for the calibratioots|

Op1 (2005) Op1(2007) Op2 (2007) Op3 (2007)
Gain recorded
for 80% FSH on 103 72.5 72.5 78
calibration slot
(dB)

8.4 Conclusions

1 The variation in results between WIDEM operaiarthe far end tests was typical of similar resoli$ained
in other industries

2 The POD variation between operators was fourteetof the order of 10-80% with a consequent vanmain
90% POD of a factor of 4 in most cases.

3 Tests on repeatability show that some of thisatian mentioned above can be attributed to thicdify of

the task and inherent variations in the method, dvaw operator vigilance may have a further effacttioe
results if it were possible to measure this.

9 Summary of Conclusions
Far End UT
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1 The performance of the far end inspection dependhe axle geometry, location of the crack anaiash of
probe. It is extremely dependent on operator perémce, which can have a low POD but also a higikidp P
with false calls.

2 In general the 4MHz angled beam probe gave &meD than the traditional (i.e BR Procedure) @ree
2MHz probe.

3 The curves currently being used in industry ttedeine inspection intervals may be too pessimigiic
trailing axles and optimistic for complex geometirving axles.

High Angle UT
1 The high angle scan gave a 90% detection rate2osmm when detection set relative to noise.

2 This value should be used with care when attargpb detect cracks in radii or when the detectioeshold
set relative to geometrical signals.

MPI

The POD for MPI could not be determined from thenber of service induced cracks available. In tlsestene
crack of 1.3mm deep was missed.

The was clear indication of the wide variation peoator responses that are possible with MPI.

Surface Wave UT

The surface wave method has shown potential foectiey small cracks over a large area with minimum
scanning.

High Frequency Eddy Current/Eddy Current Array

The high frequency eddy current single probe mete®ins to be a very effective method for detectimgll
surface cracks in axles but is limited by the egiem scanning required. The array has a similaifopaance
with much less scanning required. The results foom particular probe showed a 90%POD at less tifanrd
crack depth.

Weldscan Probe

The Weldscan probe provides an effective methddspfecting the radius area provided that it is ssitde and
that the scanning is good.

Hollow axle Bore Probe
The hollow axle UT inspection results are poor tmsl technique is clearly in need of further inugstion.
Near End Scan

The 90% probability for the near end detection Wasd to be between 3-8mm depth. This was extremely
variable due to difficult coupling conditions

Human Factors
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The variation in results between WIDEM operatorghi@ far end tests was typical of similar resulitamed in
other industries

The POD variation between operators was found toftibe order of 10-80% with a consequent variation
90% POD of a factor of 4 in most cases.

Tests on repeatability show that some of this tiarnamentioned above can be attributed to thedliffy of the

task and inherent variations in the method, howeperator vigilance may have a further effect anrésults if
it were possible to measure this.
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Appendix A

Details of Axles used in Trials
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Table Al List of TWI Axles

Trial ID ID stamp on end Design VPl by TTS MPI result It lab sampll ACPD crack depth(mm) |urface lengtiComments
T unknown Commonwealth Yes 10.2 25
R M1 69249SE 455 Yes 5 21
S SE 3880007 455 Yes 10 42
E M-169264 SE 455 Yes 15 50
G SE-3880027 455 Yes 10 26
A 695650 DA Unknown yes 3 crack-like indications no 6.2,0.4and 1.6 95, 23 and 31690mm from "A" end shoulder. Skewed 10 degrees from ma
B M3 46172 Commonwealth yes 2 transverse indications no 6.5 (28mm long ind) 12 and 28 [1240mm from "A" end.
C M3 44747 Mark 3 tapered yes No crack indications no Also stamped "M1"
F 47757/014 455 yes Longitudinal indication no Possible score mark
H SE-61001 455 yes Diagonal indication no 5 1260mm from shoulder "A"
J M6-27386-R-SC B4 Coach yes Multiple cracks no 1.0to 2.2 range In radius of wheel seat, extend around most of circumferenc
L L-67243-12-65-BRM B5 yes No crack indications no
M M3-2000562 Mark 3 coach yes No crack indications no
N L54318R SC yes Mechanical damage no 255mm from "A" end of axle.Associated cracking not
B5 suitable for detection with UT
Q TB 63030 Class 156 trailer no Multiple fine cracks no 1.3 18 Located in seat radius, 425mm from end stamped 63030
K M1R 61796 no 6 fine crack-like inds no all zero b,15,17,6 an¢520,570,630,680,706 and 860mm from end stamped SE
M161796. All are along axis of the shaft and are spaced
Class 156 trailer around the circ
P M1 65365 Class 156 driver no Single long crack no 385 and 122 /3.5 and 80.4Located in radius of bolted flange and flange face - on both ¢
(0] M1 67160 GHH | Class 156 driver no Single fine crack no 2 19 Located in seat radius, 427mm from end stamped 67160 G+
D 86-6769 Mark 3 parallel yes No crack indications no

Pag 51/59



Table A2 Samples from Applied Inspection

Axle Al No | MPI ACPD | Location| Remarks
(mm) | (mm)

26577 8 18 3.2 Body

41641 7 10 1.3 Body

14168 4 14 1.5 Body Corroded

TB2681 | 5 5 0.5 Body

AB10560| 9 10 2.1 Body

99961 6 10 2 Body

Potash 1 Multiplg 1 Body

2 2 8 0.5 Body

41641 7 5 0.75 radius

Coach 3 12 1.6 radius

Pag 52/59



Table A3 Lucchini Hollow Axle Samples

Axle No Drawing Imagine of Crack Distance from edge [mm)] - side | Length [mm]| Depth max [mm] Comment
E0401348-04 SPRO04-13 |E0401348-04_crackl_1&2&3&4 |13 - ID Side 40 1.5
E0401348-04 crack2_1 5 - ID Side 20 0.9
E0401348-05 SPRO04-13 |E0401348-05_crackl_1&2 5-ID Side 60 19.4
E0401348-05_crack2_1 8 - ID Side 25 2.3
E0401348-05 crack3_1 13 - Motor Side ? ?
E0500011-0601 |SPR04_11 |[E0500011-0601 crackl 1 5 - ID Side 100 35.1
E04011348-08 |SPR04-13 |E04011348-08_crackl_1 8-? 50 2.3 Multiple cracks seen in both ends of seat
Impossible to know the side of cracks: the axle is a short cut axle
E0500011-0602 |SPR04_11 |No Cracks
E04011348-02 |SPR04-13 |E04011348-02_crackl_1 8 - ID Side 20 0.8 Multiple cracks seen
E04011348-02_crack2_1 8 - ID Side ? ?
E04011349-06 |SPR04-12 |E04011349-06_crackl_1 Motor Side 12 0.5 Multiple cracks seen in both ends of seat
E04011349-06_crackl_1 Motor Side 6 0.6
E04011349-06_crackl_1 Motor Side 6 0.8
E04011349-06_crackl_1 Motor Side 7 0.5
E04011349-06_crack2_1 ID Side 37 35
E04011349-06_crack2_1 ID Side 15 2.6
E04011348-07 |SPR04-13 |E04011348-07_crackl_1 6 - ID Side 50 1.3 Multiple cracks seen in both ends of seat
E04011348-07_crackl_1 6 - ID Side 50 34
E04011348-07_crackl_1 6 - ID Side 10 12
E04011348-07_crackl_1 6 - ID Side 30 1.0
E04011348-07_crack2_1 15.5 - Motor Side 40 0.9
E04011348-07_crack2_1 15.5 - Motor Side 30 0.9
E04011348-01 |SPRO04-13 |E04011348-01 crackl_1 ID Side 70 6.7 Multiple cracks seen in both ends of seat
E04011348-01_crackl_2 ID Side 40 1.2
E04011348-01_crack2_ 1 Motor Side 70 0.5
E04011348-03 |SPR04-13 |E04011348-03 crackl_1&2 6 - ID Side 0.5 Multiple cracks seen in both ends of seat
No imagine 5 - Motor Side 0.5
1509-01 SPRO04-13 |No imagine 55-7 20.6 Multiple cracks seen in both ends of seat
55-7 4.7 Impossible to know the side of cracks: the axle is a short cut axle
55-? 3.2
55-7? 9.4
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Table A4 List of cracks in Darmstadt axles

Axle/Crack |Length (mm)|ACPD Depth

(mm)
HO0089 27 5.6
HO0306C1 | 15 3.4 Crack ]
HO00306C2 | 57 14.7 Crack 1
HO0351 43 10
HO00151 110 31.3
HO0356 41 9.1
H00141C1 | 10 1.7 Crack ]
H00141C2 | 59 10.7 Crack 1
H00320 52 6.7
HO00364 43 7.6
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Appendix B

Operators Instructions for Blind Trials
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SCRIPT FOR AXLE INSPECTION TRIALS — Far End Insgent
Thank you for agreeing to participate in thesddrigou will require the following equipment.

MasterScan 400, 2MHz Twin Odegree compression prakiiz Twin 5 degree compression probe. Charged
for at least 6 hours use.

There are a number of things | must tell you befane start.

Firstly, your participation will be completely angmous. Your name will not be used in report of tesults.
There will be no report directly to your companyoly¥ Company name may be used but only if this is
requested by the Company.

Secondly this data will be used to help assesspection period for the axles, and the factoseeaiated with
a good inspection. It is not intended to providg personal evaluation.

The trial has two parts. The order depends on cledule. The parts are: an axle inspection withdiiferent
probes, and also a questionnaire.

You will be presented with a series of axles tqed. Inspect from one end first, then take a biwsafiore
inspecting the other end. A reference trace wilgiven for both situations.

Some of the axles have cracks, others do not. déetity of the axles will be changed between opesaso
please do not be tempted to advise the next opevhymur findings. This will spoil our experiment.

The axles are first to be inspected with a stan@dorocedure (2MHz 0 degree compression wave, thigh
signal from the shoulder at the far end of the aeleat 50% FSH.

First please inspect each axle and report whetheotoyou detected a crack. When you have complatetie
axles, go back to the detected cracks and repegigmal amplitude.

Please then inspect the axles with the 2 MHz 5agegrobe, to the same sensitivity.

If time is available you may be asked to carryditferent inspections on other axles.
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SCRIPT FOR AXLE INSPECTION TRIALS — MPI Inspection.

Thank you for agreeing to participate in thesddria

There are a number of things | must tell you befane start.

Firstly, your participation will be completely angmous. Your name will not be used in report of tasults.
There will be no report directly to your companyol¥ Company name may be used but only if this is

requested by the Company.

Secondly this data will be used to help assesspection period for the axles, and the factosoeaisted with
a good inspection. It is not intended to providg personal evaluation.

The trial has two parts. The order depends on ohedule. The parts are: an axle inspection, ana als
guestionnaire.

You will be presented with a series of axles tgped. Some of the axles have cracks, others doTina.
identity of the axles will be changed between ofesaso please do not be tempted to advise theapexator
of your findings. This will spoil our experiment.

Please report the cracks you find in more detaihtiou would in a normal inspection. We need yotefmrt
each crack detected and its location. If you wishreport a crack group, then estimate the numbethe

group.
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Appendix C

Responses from MPI Tests
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Appendix C OPERATOR RESPONSES - WIDEM MPI INSPECRIDESTS

ng
ks

tal

e

cat

Sample | Initial Operator A Operator B
Number| MPI
K None 49 inch from 3mm long
41.25 inch, all circ
17.25 inch 3mm long angled slightly
O 420 from gear end 18mm long 420 from GE 100mmg lo
830from GE 5mm long
990 from GE 330 long +single crack 12mm lo
80mm from flange towards GE 2 crag
10+5mm long
40 mm from flange toward GE small cracks tg
25mm long
3mm long cracks under flange holes
100mm from flange towards NGE small crack
130mm from flange many small cracks in ang
403 from flange 6mm long
¥ small cracks 200mm from NGE
P Crack on Flange 390mm long 195 10mm long
Other side 130mm long Crack on flange 390mm long
Other side of flange 130mm long
Group of small cracks 550mm from NGE
D Many Damage marks noted 385 small crack on wheelseat
Gouge mark at 190 10mm long frg®d30 5mm long crack on radius
non marked end (check) 890 20mm long
550 from RH end 10mm long
190 from RH end 90mm long
C Groove around journal 150mm frgn220 from C2 5mm long
C2 330 from C2 5mm long
425 from C2 small cracks total 30mm440 from C2 20mm long
425 from C1 6mm long on edge p830 from C1 5mm long
wheelseat 440 from C1 5mm long outer edge of s
(different indication from Operator A.
F No indications
A 135mm long 985 from Al longitudinal 455 150 long
985 150 long
M Damage on Iwheelseat Damage noted
H Damage scratch 760 from gear end 650 long intenh
J 400 from J1100mm long on radius | 400 from end 90mm long
400 from J2 400 long 400 from end Most of circ
L Damage to radius af'seat (L1 end) None
N Physical Damage near WS Damaged area noted
Q None 430 from Q1 12mm long
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