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1.Final publishable summary report

1.1Executive summary

EURAXLES aims to bring the risk of failure of radw axles to such a minimum level that it will no
longer be considered as a significant threat tosefe operation of the European interoperable &gilw
system; at the same time, it shall keep the costadfitenance to a reasonable level and minimisegke
of service disruption.

The global concept approach ftle design, production and maintenancencludes:

e A design approach development, including a risklyama method which could offer a simple
design route by combining loads with difference woences including loading specificity of
vehicles and service conditions together with tkiesaresistances, including new materials and
methods in order to predict the ‘failure probalilit

* New developments will also include:

o improved axle protection against corrosion, inahgdprotection of already corroded axles

o improved adhesion of coatings with a study of tbhaghness influence (adhesion and
fatigue behaviour)

0 nhew, innovative coating solutions. The new solwianll also aim to fulfil environmental
requirements to avoid or limit VOC emissions.

* New/improved NDT inspection methods will allow threservice inspection of axles in order to
guarantee safe service conditions with a low impadhe vehicle availability.

« A RAMS/LCC analysis of the solutions will be cadi®ut. The railway transportation system
requires a risk analysis of the safety componehtsivities will improve design validation and
inspection technologies of axles which will optimisosts, safety and environmental compliance
to be shown with RAMS/LCC analyses.

The EURAXLES global concept will not only guarantée current level of safety, but improve it in an
interoperable network at optimized cost.

1.2Project context and objectives

WP2: New axle fatigue design method
The main objectives of WP2 were:

0 To develop a method to characterize the severitgalfaxle in-service loads, taking into accoumet th
variability of the load amplitudes and the variapibf axles’ usages.
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First of all, a database of on-line axle load mearments was set up, in order to gain a better kedgéd

of the variability of real in-service loads (Delrable D2.1): data from the Dynotrain and Hembot
projects were made available for the project daraind a test campaign was led by SNCF in order to
gather additional data on a passenger coach ruriniriggance. From this load data, two simplified
representative load spectra were extracted andbditad to all WP2 partners for further analyses.

In parallel, a method for the analysis of the dakigue loads was developed. Parametric analyses we
performed and they showed, amongst others, thefismm sensitivity of the results to the chosen
damage law. This damage law was therefore accyrateddelled and characterized, thanks to
experimental results from WP3 on small specimeneunv@riable amplitude loads. Then, a method to
estimate the real distribution of the load sevesitvas proposed by SNCF, based on the definition of
elementary situations of life and the generatiowmidtial uses of axles. Finally, the method wasliepto

the SNCF passenger coach and the severity of #melatdized load (defined in EN13103/13104) was
estimated according to the distribution of loadesiy (deliverable D2.2).

o To introduce the use of the Finite Element Methodhie modelling of axles in order to close some
open points of the standards EN13103/13104, to geme recommendations for numerical
modelling when using the FEM and to develop a comlgnaccepted numerical validation process of
axles.

After defining the detailed geometries of the adad the benches to be tested and simulated in &2
WP3, the numerical models were generated and thlysss were performed, for both trailer and motor
axles. Similar results were obtained by all padreerd the comparisons with the tests were satisfact
The two types of bench (Minden and Vitry) also gailar results. It was also observed that the
concentration factors related to transitions defimethe EN13103/13104 are lower than those obdaine
by FEM calculations. Stresses in grooves deriveinfiFEM were also found different from those
obtained following the EN1310X rules. But in theangme, experimental results from WP3 showed that
the fatigue limits were underestimated in the séadsl so that the current design process remdiegaa

it can also be stated from return of experiencenftbe field). A parametric analysis performed with
transitions enabled the team to propose formukasgithe stress concentration factors dependinthen
axle geometrical parameters. Simulations of wholbeelsets were also performed. Finally,
recommendations on how to use FEM in the validaporcess of axles and how to generate relevant
FEM models were given (deliverables D2.3, D2.4).

o To develop a method to estimate the real in-sematability (probability of failure) of axles, takg
account of the variability of the loads and thetteraof the fatigue limits of steel grades A1IN and
AAT.

First, a semi-probabilistic approach, based on Eheocode standard, was proposed by Polimi
(deliverable D2.5) as an approach to validate da drsign. This method uses a “representative load
spectrum” coming from measurements and enablest@mmpeopose minimum safety coefficients to be
defined in the validation process, depending on dtatter of the material fatigue limits and simple
assumptions made on the load uncertainties. A skemthod, fully-probabilistic, based on the Strasd
Strength Interference Analysis, was also propose8NCF in order to estimate the probability of diad

of an axle, considering the fatigue limit scattert lalso the real distribution of the load severag,
defined in D2.2. The SNCF passenger coach traxller\sas taken as an application and its probalulity
failure was estimated, using the material chareties identified in WP3 and the load measurements
carried out in WP2. The calculated probability afidre is relatively small and its order of magdiu
seems rather realistic (deliverable D2.6).
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WP3: New testing methods of railway axle fatigue it assessment

The WP3 scope was to experimentally estimate fatiguits of axles; such information is a main
input in the design. The WP considered axles mads#andard material (A1IN and A4T) and defined a
standard method for testing and analyzing the nbthdata from a statistical point of view in ortieibe
able in the future to apply the same method in dharacterization of new materials or new surface
treatments.

Axle conditions considered for the actual testingravaxles in standard surface finishing for whigle a
body (free surface) was evaluated separately frel@saseats where wheel, brake disc or bearing press
fits take place; in this later case the couplingtted components can generate, when high bending is
applied to the axle, relative micro sliding andided friction forces that end up in local wear and
possible micro cracks of the seat side surfaceptienomenon is known as fretting corrosion and the
result is that the fatigue limit is substantialbyver than on the body. The severity of this phenmme
depends more on the geometry of the axle (Seat-tizageter ratio) than on the material itself; floist
reason, different axle geometries were defined tegled. This part of the testing activity was
complemented by task 3.3 dedicated to the theatatiodeling of fretting fatigue providing criterfar
evaluating both the possibility for crack initiati@and assessment of the crack propagation. Thevasn

to provide tools for optimizing the design.

An important subject that was treated in WP4 cameéne study of possible solutions that can improve
the axles surface protection from corrosion andtia some surface treatment techniques were peopos
(shot pinning, increase roughness ecc); as sisdkartions can have an effect on the surface fatiiguié
some solutions were verified in WP3 trough simpgleskcale axles and then in full scale conditions.

WP3 also tested corroded axles to verify the aceaction of the fatigue limit.

A common testing procedure was defined in order $iailar tests performed in different laboratories
could produce comparable results.

A list of small scale and full scale tests and tk&tive drawings were defined and the wheelset
manufacturing partners prepared the materialshiertésts. All tests were performed by 7 partnerthef
Project in their laboratories.

WP4: Tools, technologies and surface protection sggns minimizing the negative influence of
corrosion

The main issue addressed by research activiti®8Rd is that existing painting systems for wheel-set
axles, that meet the environmental requirementendiil to meet all the requirements defined ia th
existing standard EN 13261 (Axles Product Requirgs)ee.g. chapter 3.9). Indeed, for environment
protection reasons, legislation is moving from salvbased paint systems to water-based paint system

The fatigue resistance of railway axles dependthersurface conditions. WP4 aims to advance beyond
the state-of-the-art by resolving the problems @ssed with the existing surface coating methodsdus
until now (corrosion, damage) through improved a&tthe and new innovative coating and treatment
processes, while considering the real service ¢immdi and the environmental requirements.

The main objective of WP4 is to develop practicalusons for axle protection systems to avoid
corrosion and damages with respect to the desigicUlation method, the product requirements, the
inspection and maintenance requirements and thereagents of environmental legislation.

Given their experience, project partners analybecttirrent standards and determined their limitatia
terms of testing and validation of protective cog$. Particular attention was given to the opegatin
conditions of wheel-sets in service. Where necgssdtiernative quality test methods are proposedtt wi
regard to operating conditions and reasonable .costs
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The expected results of WP4 were new surface paipas and procedures for the design method of
wheel-set axles, including new fatigue limits teste WP3, associated to the new axle surface condit
(roughness or unpainted solutions). WP4 also aitoddvestigate innovative and alternative protetctio
systems, eliminating the need for paint applicatotirely, such as the improvement of hardness and
corrosion resistance of wheel-set-axles by inngeatieatment/ coating processes.

Regarding the possibility to have a design methd@tout any painting system with defined corrosion
level (SNCB is using paint-free axles for freight€and passenger coaches) unpainted axles fromeser
should be analysed in WP 4 in terms of surfaceasperrosion, roughness and chemical composition.
The objective was also to make fatigue test on tb@waxles from service without painting to detareni

a new fatigue limit.

The tasks of WP4 finally should include prepariegammendations to improve the existing standard for
the product requirements of axles, recommendingledmies and also improved or new quality test
methods.

WP5: Non destructive testing (NDT) and verificationof the reliability of axles in service

WPS5 is focused basically in the study of the NDTthods applied by railway operators and maintenance
companies in railway axles, to verify the detedibiof these in order to guarantee safe service
conditions with a low impact on the vehicle availityn

The main objectives of the Work Package are asvial

Review of the current practice NDT techniques usegbreventive maintenance in railway axles, to
highlight the weakness and strengths of each me#imodto find possible points of improvement and
solve potential risks which are not addressed bgdimethods.

The study of a new inspection method based on aameloard continuous measurement technique. This
technique describes a new methodology of diagrasgisclassification of flaws in order to developeavn
robust NDT method for axle inspection that could ddassified as a condition based maintenance
technique. This method is based in a sophisticsitgthl processing procedure that uses vibratiomassg
obtained during rotation of the axle.

Verification of the influence of surface damage @odrosion in service using standard electrocheimica
and other NDT techniques. Different NDT techniqaes reviewed for monitoring of corrosion and
cracking in train axles without the need of disassk.

The investigation of a novel crack detection methaded on the change of the elastoresistive belvavio
of an adhesive plug using electrochemical techrsigieedetect cracks in railway axles.

WP6: RAMS and LCC taking into account market uptake

In WP2 to WP5, the technical parameters for impletaigon of the design solutions (coated/non coated
surfaces, type of protection, coating thicknesfgoefof corrosion, etc.) together with adequat@atsion
technologies to detect defects on axles in reaicerconditions have been investigated.

Technical aspects of the studied technologies ineistomplemented by cost analysis in order to assess
the translation from research to the applicatiores operation. Hence, the main objective of W& i
review and analyze the market uptake of differehitsons developed during the present project.

The overall safety and economic assessment wilboiolRAMS/LCC methodologies, a recognized
method for assisting optimization processes inrewging systems. A common RAMS/LCC tool will be
first defined between the participants and aftedsapplied for the analysis of the different salng in
order to identify the preferred solutions for figuaspplications and to understand the RAMS and LCC
implications for an optimal market uptake. The gsial requires the data collected from the return of
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experience provided by the partners and collabsandich is used as the reference to evaluate the
innovative solutions developed in the project.

The common approach to RAMS/LCC analysis defineBWRAXLES can serve as a starting point for
unified safety and cost evaluation of railway sgstein general and wheelsets in particular withia th
European railway industry.

1.3Main S&T results and foreground

1.3.1 WP2 - New axle fatigue design method

Objectives
In WP2, the 4 main technical objectives were:
- To build a database of in-service loads measures{Baiverable D2.1)

- To develop a new methodology to analyze in-seridads in order to characterize the distribution
of fatigue load severities and compare it to themative loads defined in EN13103/13104 (D2.2)

- To develop a new method to calculate accuratelgtigsses in the axles using the Finite Element
Method, to give some recommendations on the FEM atsodevelopment and to develop a
commonly accepted numerical validation processefaxles (D2.3, D2.4)

- To define a general axle fatigue reliability apmoavhich takes into account the variability of the
in-service loads and the scattering of the axlesngth in order to estimate the probability of
fatigue failure in service (D2.5, D2.6).

Task 2.1: Characterization of the in-service loadig severity

» Sub-task ST2.1.1is dedicated to the generation of a databaseabfireservice axle loads (D2.1).

Load data were made available from the Europeafegrdynotrain by their owners (DB, SNCF,
Trenltalia, Alstom and Bombardier) and the Europpssject Hembot (Trenltalia, Ansaldo Breda) only
for the duration of the Euraxles project and for,[3BICF and Trenltalia. Additional measurements were
carried out by SNCF in February and April 2012 opaasenger coach axle, circulating in France (over
2000km of acquisition) at a maximum speed of V=X60k with an axle load of 14t. The sets of data
were judged sufficient for the scopes of the inager axles fatigue analyses (Task T2.1) since the
ambition of the project was to develop a method,taassure that the statistical analyses covethall
situations that could be encountered in Europe.

In order to carry out parametric analyses or compliiferent methods for reliability, it was decidex
extract from the database two “representative” sintplified load spectra which were distributed he t
partners involved in these activities. The simptifload spectra were chosen so as to give apprtelyma
the same distribution of track curves and the séatigue-equivalent-load. Details are given in repor
D2.2.
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* Sub-task ST2.1.2concerns the development of a methodology to @eadyload measurement in
order to evaluate its severity, then to generaterotirtual representative load spectra to charaet¢he
distribution of in-service load severities

A method applied to axles and associated tools:

A method applied to axles to analyze load signaith wariable amplitude and to determine an
“equivalent-fatigue load” which measures its sdyenas proposed by SNCF. The measured signals are
Y and Q, the lateral and vertical forces at the elinail contact. The equivalent load is a cycliateg
moment M eqin the circulation direction (see Figure 1).

The numerical routines were coded by SNCF andildiggd among partners with a document describing
the procedures (ERX-S2.1.2-T-SNC-003-01).

Q000> = Mol = Min =

e

Lisiin

Figure 1- Proposed method to analyze variable Y an@ forces

Parametric analyses

Parametric analyses were performed with the dagaibasrder to check that the method gives resulis w
good sense. Physical parameters, such as the maxiralocity (Vinay, the target lifetime of the axle
(Kref), the mass supported by the axle (M=m1+mz2), thesnohthe axle itself (m2), as well as parameters
used by the method, such as the frequencies diltéreng applied to the time signals recorded dgrthe
measurements or the modeling of the damage lave stadied. The main results are the following:

» The filtering prescribed by the leaflet UIC518 édavant for the Fatigue equivalent load calculation

* The effect of the axle lifetime on the fatigue-e@lént load is not negligible and can be evaluated
with the method

» The effect of the maximum speed of the vehicleois-inear and can be evaluated with the method

* The relation between the Fatigue Equivalent bendiognent and the mass supported by the axle is
almost linear

» The effect of the damage law is significant anddsee be studied carefully

» The effect of the type of the vehicle is signifitasomplex and should be studied further.

Evolution of the damage law within the Fatigue equwialent method

DB presented a different method for the calculatbrthe accumulated damage, called the “konsequent
miner-rule method” (KMR) which is an alternative timed to the “traditional Miner rule” used in the
SNCF proposal, and is more relevant for axles. Ahotkto define a Fatigue-equivalent load consistent
with the KMR was proposed. SNCF performed new datmns of the Fatigue Equivalent Bending
moment for both simplified load spectra.
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Method to generate virtual usages and applications:

A method that enables to estimate the distributibrihe in-service load severities for the reliakili
assessment of axles was proposed, based on thé@idefof elementary situations of an axle life ahd
generation of virtual load spectra. Fatigue-EqumtlLoads associated to these virtual load spectra
calculated as well as the severity of the standtzad (probability of having a Fatigue-Equivalen&db
which is more severe than the standard load). Theegs was developed and applied to the SNCF
passenger coach axle. The results are given in &&12n Figure 2.

Densié e prabahilie

e

Figure 2 - Standardized load vs the distribution ofvirtual equivalent-loads for the SNCF axle.

Task 2.2: Axle calculation and fatique analysis

A detailed description of the work described in fibldowing section can be found in D2.3 and D2.4.

At the beginning of the project, a quick analydishe state of the art enabled to define more pedgithe
technical objectives of the simulation activitiegshin the project:

» to carry out Finite Element Analyses of axles, ey to calculate accurately the stresses, to
validate the models by comparison with tests andllff to define general recommendations for
the axles numerical modelling when using FEM teghes,

e to determine stress concentration factors in ttems and grooves and compare them to those
defined in the standards EN1310X,

* to model whole wheelsets,
* to propose a numerical validation process of aateswheelsets

Validation of FEM models and general recommendatios

After defining the detailed geometries of the axdesl both types of bench (Minden and Vitry) to be
tested and simulated in WP2 and WP3, the numernuadlels were generated and analyses were
performed by partners, for both trailer and motdes.

Similar results were obtained by all partners (CARS, Valdunes, Fraunhofer IWM, Polimi, DB,
SNCF) and the FEM models were validated throughctdmparison with the experimental measurements
carried out during the fatigue tests of full scaktes. As an example, Figure 3 shows the compan$on
modelling and experimental data obtained for Fiyfe tests in EA4T with a diameter ratio D/d = 1.12
The models predict well the position and magnitafithe maximum value along the transition with some
deviations near the seat which can be attributeditoerical singularities and post-processing oggtion
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Figure 3 - Model validation. F4.D/d=1.12. Modelling and experimental data comparisonfc
distribution along the transition.

From all the simulations performed in the projemneral recommendations for axle simulations using
FEM techniques could be given (deliverable D2Bhe main lines are summarized below:

* Finite element 3D or 2D with Fourier expansion msaan be applied

* Element type: linear elements are relevant

» Element size: convergence analysis should be peeidto check the validity of the models
- If peak stress at R: typical size4 mm

- If peak stress at r: typical sizel mm

* Post-processing:

- Unaveraged results are recommended to check camnaegnd effect of singularities

- A skin of membrane elements can be used to faeilitee analysis

* General design recommendation:

The peak stress should be located at the end afahsition (in R). To fulfil this recommendatiathe
transition length should comply the condition C z.{see next section)

e Transitions:

- Simple and adjacent transitions of seats with imggrference (e.g. wheel and brake disc seats) can
be modelled using linearized models.

- For simple and sufficiently long transitions, anelgl Kt values can be applied (see next section).
* Grooves

Contact interaction (non-linear behaviour) is reaended to model the wheels, gears and brake discs
with adjacent grooves (recommended friction cogdffit= 0.6). Components with low interference and
DN/D diameter ratios (bearings, labyrinths) candraoved from the models

The simulations and the tests showed that the ypestof bench gave similar results.

It was also observed that the concentration facteded to transitions defined in the EN13103/13ate
lower than those obtained by FEM calculations (apipnately 18-20% lower). Stresses in grooves
derived from FEM were also found different from skoobtained following the EN1310X rules. But in
the meantime, experimental results from WP3 shotvatithe fatigue limits were underestimated in the
standards, so that the current design process mensafe (as it can also be stated from return of
experience from the field).
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Parametric analysis of the stress concentration faor

Parametric analyses were performed by CAF on sfiaglimodels to determine Stress Concentration
Factors in transitions depending on geometricabipaters. The parametric analyses used Design of
Experiments (DoE) methodologies due to the largmber of the resulting combinations from all
parameters considered. Formulas giving the str@ssentration factors &, and the minimum length of
the transition Gi, assuring that the maximum of stress occurs inbtgeaadius could be identified (see
D2.3).

For grooves, FEM analyses must be performed taiat@the local stresses and the Kt factors.

Analysis of complete wheelsets

Analysis of complete wheelsets has been also fagagtle WP2 partners. The analysis covered different
geometries and modelling approaches as follows:

« Geometries: Motor and trailer wheelsets.

* Finite Element Modelling: Linear and Non-linear 3@AF) and 2D Axisymmetric with
Fourier’s series expansion (SNCF).

Axle numerical validation process

In addition, several calculation methods have bstwlied and compared to the method defined in
standards EN 1310X. From these analyses, an ewoluti the validation process was proposed. It
consists in:

* applying a bending moment and torque to the FE inad&der to obtain the stress concentration
factors in different sections of interest along axée.

» calculating the stresses in the selected sectimms the bending moments and torques obtained
from the loads defined in EN 1310X using the beheoty.

e applying fatigue criteria as defined in EN 1310X.

Table 1 summarizes the results obtained with tlve method, including a comparison with EN 13104,

with a motor axle made of EA4T (Figure 4). For #pplication of the new method, a fatigue limit fre t

axle surface based on local strains of 285 MPanastid from the fatigue tests performed in WP3 has
5 8

S J|‘|'l | HE

7 2 46 7 9 10 112

Figure 4 - Motor axle. Definition of sections for he calculation.
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Nominal stresses |7E vaLuaeSSEdStraln— Methodology 1 EN 13104
Section T ba Tta K eer. | Ky er. g1 g2 02/o1 | 0=01-02 | gaiow | SF K a Taliow SF SF1/SFey
1 65.08 0.00 1.26 1.15 82.02 0.00 0.00 82.02 285 3.47 1.012| 65.88 240 3.64 0.95
2 77.19 0.00 1.47 1.26 113.44 0.00 0.00 113.44 285 2.51 1.05 81 240 2.96 0.85
3 125.17 5.23 1.52 1.29 190.18 -0.24 0.00 190.42 285 1.50 1.056| 132.63 240 1.81 0.83
4 125.17 5.23 1.32 1.17 165.80 -0.23 0.00 166.03 285 1.72 1.056| 132.63 240 1.81 0.95
5 85.22 3.53 1.26 1.17 107.78 -0.16 0.00 107.93 285 2.64 1.295| 110.73 240 2.17 1.22
6 79.23 3.27 1.54 1.38 121.92 -0.17 0.00 122.09 285 2.33 1.678| 133.4 240 1.80 1.30
7 78.02 -3.27 1.54 1.38 120.30 -0.17 0.00 120.46 285 2.37 1.678| 131.37 240 1.83 1.30
8 82.75 -3.53 126 | 1.16 | 104.35 | -0.16 0.00 104.51 285 | 2.73 | 1.295| 107.55| 240 2.23 1.22
9 127.39 -5.60 1.21 1.12 153.98 -0.25 0.00 154.23 285 1.85 1.018| 130.25 240 1.84 1.00
10 88.29 -5.60 1.35 1.16 119.29 -0.35 0.00 119.64 285 2.38 1.018| 90.61 240 2.65 0.90
11 53.41 0.00 1.47 1.26 78.52 0.00 0.00 78.52 285 3.63 1.05[ 56.05 240 4.28 0.85
12 45.06 0.00 1.26 1.15 56.79 0.00 0.00 56.79 285 5.02 1.012| 45.59 240 5.26 0.95

Table 1 - Motor axle calculation. Results accordingo the new method and EN13104.

The following conclusions can be derived from thalgsis:

* both methods give similar safety factors in thevaht sections.

* The new method tends to be more conservative iplsitnansitions.
 EN 13104 is more conservative in grooves.

» further investigations regarding the fatigue limespecially for EAIN material, are still needed to
completely close the assessment.

Proposal to complement EN 1310X

As a result of the project, the main limitationstbé current design standards EN 1310X have been
identified and a complementary approach in ordeprtwvide designers with an additional method to
avoid misunderstandings has been defined. Thisoapprwill be integrated in the Technical Reporbéo
published by CEN. Basically, the method can be sarized as follows:

» Applied forces: According to the current EN 1310X

» Calculation of stresses acting on the axle:

- Applying beam theory in the different sectionsmerest

- Stress concentration factors Kt in transitions:

- Based on strains as measured in the full scale tgst

- For simple transitions, analytical expressionswgtiin the project

- General: FE models of axles following recommendhetiderived in the project
* Allowable values:

- Fatigue limits F1, F3/F4 derived from fatigue tgs¢sformed in WP3

- Safety factors: additional investigation needed

Task T2.3 : Reliability approach

Two different methods to assess the reliabilityasdes were developed: Polimi, starting from the
EuroCode standard and the FKM guidelines, propassemi-probabilistic approach and SNCF applied
the fully-probabilistic Stress Strength Interfererinalysis approach to the axle.

More precisely, Polimi proposed a semi-probabdistrmat that allows engineers to design axles with
target failure probability Pf=5x10for a service life of 10 million km.
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The activity has dealt with different phases repaiih details in D2.5:

e an analysis of existing data for determining EA47d &A1N S-N diagrams for fatigue damage
calculations;

* asummary of existing methods for calculating fialprobability under fatigue;

» the application of a semi-probabilistic approachthwan extensive Montecarlo simulation, for
determining the maximum allowable stress (partdéty factors) for a given axle made of A4T and
A1N under service conditions identified by thre&fefent load spectra in order to ensure a target
reliability

The safety factors have been determined adoptiagfdhmat of FKM Guidelines (see Figure 5) as

dependent on dispersion of fatigue properties amenainty of the load stress spectrum, so that ¢he

be applicable if future datasets for fatigue linids both steels will be available.

logS

logN

Figure 5 - Definition of the partial safety factorSF, in order to obtain a target axle failure
probability.

In parallel, in order not to use a “representativad spectrum” associated with several assumed
coefficients of variation of the load, SNCF used thsults obtained in Task T2.1 on the in-servozal |
analysis in the framework of the Stress Strengtterference Analysis. This approach consists in
performing a fully-probabilistic analysis, takingcaunt of the scatter of the fatigue limits of thaterial
(STRENGTH) and the variability of the load sevesti(STRESS) due to the variable axle usages. The
method and the numerical tools were developed b@FShind applied to the data associated to the SNCF
passenger coach trailer axle. New simulations veargied out, using the final EALN characteristics
determined in WP3. The severity of the standard befined in EN13103 was found equal to P1=3,6e-5
and the in-service probability of failure was estted (Pf=3.e-8, Figure 6).

The overall approach (load analysis, charactedmadi the variability of the loads and the fatigumits,
stress calculations, reliability assessments) esabhgineers to estimate the in-service probagsliif
failure. It can also be used to evaluate the sgvefithe standard load. In the future, the metbodid
also be used in specification: after defining #ugeét probability of failure, the fatigue limit (isue value
and scatter) can be specified.
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Figure 6 - Reliability analysis of the SNCF passemy coach axle using the SSIA method.

1.3.2 WP3 - New testing methods of railway axle fatiguerhit assessment

The WP3 scope was to experimentally estimate fatiguits of axles; such information is a main input
the design. The WP considered axles made in stdmdaterial (A1N and A4T) and defined a standard
method for testing and analyzing the obtained ffata a statistical point of view in order to be alh
the future to apply the same method in the charaeteon of new materials or new surface treatments

Axles conditions considered for the actual testiege axles in standard surface finishing for wiraste
body (free surface) was evaluated separately frolesaseats where wheel, brake disc or bearing press
fits take place; in this later case the couplingtted components can generate, when high bending is
applied to the axle, relative micro sliding andided friction forces that end up in local wear and
possible micro cracks of the seat side surfacepfiemomena is known as fretting corrosion and ¢salt

is that the fatigue limit is substantially lowerath on the body. The severity of this phenomena is
depending more on the geometry of the axle (sedy-baameter ratio) rather than on the materialfitse
for this reason different axle geometries were rafiand tested. This part of the testing activipsw
complemented by task 3.3 dedicated to the theatetiodeling of fretting fatigue providing critergafor
evaluating both the possibility for crack initiatiand assessment of possible crack propagationaifie
was to provide tools for optimizing the design.

An important subject that was treated in WP4 cameé¢he study of possible solutions that can improve
the axles surface protection from corrosion and tfis some surface treatments techniques were
proposed (shot pinning, increase roughness ecqinakar solutions can have an effect on the serfac
fatigue limit; some solutions were verified in WBBugh simple 1/3 scale axles and then in full escal
conditions.

WP3 also tested corroded axles to verify the actduction of the fatigue limit.

A common testing procedure was defined in ordet simailar tests performed in different laboratories
could produce comparable results.

A list of small scale and full scale tests and thkative drawings were defined and the wheelset
manufacturing partners prepared the materialshiertésts. All tests were performed by 7 partnerthef
Project in their laboratories.

Task 3.1

Scope of Task 3.1 was to define a common proceuresting the fatigue properties of railway axles
Such activities was important in order to obtaisufess from the 7 different laboratories that can be
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considered comparable; also the obtained resulte wat together with already existing data from
previous projects in order to increase the statiktielevance of the final result.

This task result also was necessary as the testetgod was relatively complex in terms of machinery
used that was not standard and there was a riskoggible different interpretation of measured galu
and applied loads.

The common testing procedure was defined and isgbdhe Deliverable 3.1. The report is a resulbof
benchmark between the partners involved in thenggsind that in the past years have accumulated
experiences and methodology that slightly diffee tiom each other.

The procedure includes the definitions of differatigue limits, methods for measuring and evahgati
the stress applied, method for applying and coimgpkhe load, roles for defining the load leveterf
one test to the next one (Stair case method) aadlyfithe algorithm for statistically analyse tlesulting
data in order to estimate the average fatigue mdt the standard deviation (through the maximbedyli
hood method).

Task3.2
Body fatique limit of standard surface F1 (tramsitand grove) A4T axles

The final analysis was made considering both tlsalte of the Euraxle project and from the Deufrako
project BMBF.

These results had a quite similar average valwei(a 204 MPa, Figure 7).

F1-A4T-standard GHH - Power CAF - standard BMBF
T T T T T T T T T T T T T T T T

=10

=¥}
320 — <9 —
> 6

5 1 =3 x4 ®T  x8 =9 -
304 19 o3

300 — =6 —

o8

o2 o5 o7 <9

[Mpa]

= o5
o 280 — 27637

56 ST o3

oz

Figure 7 — Stair case fatigue test results of F1 Adaxles

Body fatigue limit (F1) of blasted surfaces

Two sets of 1/3 scale axles were prepared by RAdAH tested by SNCF, the first series with final
roughness of 3-4 um Ra, the second series withhreegs of 6-7 um. The lower roughness shows a
slightly lower fatigue limit than the higher rougkss (340 and 363 MPa respectively). The reasotinéor
difference must be due to the fact that the aisguee used for the blasting is increased to achieve
higher roughness and so the derived residual casprestresses may be increased.

Full scale axle were blasted only with higher rauggs 6-7 um Ra and showed an average fatigue limit
of 223 MPa (Figure 8).
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Figure 8 - Stair case fatigue test results of F1 Adaxles blasted at a roughness of 6-7 um Ra.

The conclusion on this type of surface treatmetttas the fatigue limit is not reduced compared do
standard new surface and that it may be increasdzhply due to the compressive residual stresses.

Body fatigue limit of standard surface F1 (tramsi)iA1N axles
The final analysis was made considering the resfilts

» axles delivered by Valdunes to Polimi and testetherVitry type test rig
» axles manufactured and tested by RAFIL on the Mirtgpe test rig
» axles tested In the BMBF Deufrako project in ortierextend the number of test for a better
statistical evaluation
The standard deviation of the results appears tjulie high due to the differences in the resulthe
lower results obtained on the Valdunes axles.ausgage fatigue limit is around 250MPa.
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Figure 9 - Stair case fatigue test results of F1 AlLaxles

Test order

10 unpainted A1N axles that were in service forald® years on a passenger vehicle running 1 M km.

The results of the fatigue tests show a reductibmalmost 14% of the average fatigue limit and an
increase of about 18% of the standard deviatiapeetively 216 and 24 MPa.

Figure 10 - A1N unpainted corroded axles from serge.
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Figure 11 - Stair case fatigue test results of F1IN unpainted corroded axles from service.

Press-fit seat fatique limits (F4), A4T axles, d&er ratio 1,12

The final analysis was made considering the resiltests performed on both type of test rigs (Mimd
and Vitry.

F4-A4T-1.12 CAF-DB-Lucchini-SNCF
W7

x2 x5 x4
130

12384 <4 X6 x 8 <10

1200 <1 o3 o7 ek} 11 213 x5
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%
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oy < Runout
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Mean
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olb—— v
12 3 4 5 6 7 8 9 10111213 14 15 16
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Figure 12 - Stair case fatigue test results of F44 axles with a diameter ratio of 1,12. On the righ
side an example of surface crack found at the end the test with MT inspection.

The results showed that even if most of the testopmed 10 M cycles, still micro cracks could be
detected near to the seat edge that didn’t corlglptopagated during the test. The average fafigue

Is 124 MPa, that is lower than the value giverhim EN standard (132 MPa); this difference confithag

in this kind of test there is a surface damagirgg th due to the micro slip that takes place betwbe
seat and hub from which these cracks take plaeebéinding stress in this area make tis crack paipag
at slightly higher stresses.

Press-fit seat fatique limits (F4), A4T axles, d&ear ratio 1,08

Also a lower diameter ratio was tested :1,08 his tase the transition was made with a simple 60 m
radius instead of the typical 75-15 mm, also timgile was shorter (20mm).
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The axles were tested on a Minden type; the reshlbsved a higher average fatigue limit (146 MPa)
than the 1,12 described previously (124 MPa); #ason is probably due to the higher slope in th8 1,
geometry axle, a higher slope appears to betteiceethe local stress in the seat near to the edge.

F4-AAT-1.08 CAF
160 T T T

150 | 6 B
146.02
04 (o1
— 2 Runout
g 140 * Broken| 4
_g o3 Mean
© Peg,
o2
130 F B
a1
120 1 1 1 1 1 1
1 2 3 4 5 6

Test order

Figure 13 - Stair case fatigue test results of F44 axles with a diameter ratio of 1,08.

Experimental estimation of stress concentratiotofac

For all type of test, strain gauge measurementsemmade along the transition in order to deterntiree
stress concentration factor; such measurementstivemeused inside WP2 to validate the FEM model for
calculating the stresses along the transitions.

Comparison of kt on SNCB corroded axles
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Figure 14 — Stress concentration factor Kt along ta transition of the corroded axle (kt,max = 1,35).
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Figure 15 - Stress concentration factor Kt along th transition of the F1 axles (kt,max = 1,20).
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Figure 16 - Stress concentration factor Kt along th transition of the F1 axles (kt,max = 1,20),
modified by reducing the body in order to reduce tle possibility of achieving cracks on the seat.
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Figure 17 - Stress concentration factor Kt along th transition of the F1 axles (kt,max = 1,27), with
modified transition in order to reduce the possibiity of achieving cracks on the seat.
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Figure 18 - Stress concentration factor Kt along ta grove of the powered axles.
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Figure 20 - Stress concentration factor Kt along th transition of the F4 axles with D/d = 1,08
(kt,max = 1,46),

Small scale tests to determine the Woheler curve

A unique S-N diagram for EA4T, was calculated aedwd from all the fatigue experiments onto small-
scale specimens carried out by the two partneisiPahd IWM within the Euraxles project.

Specimens were extracted from full-scale axles rzenured by three producers across Europe, and
tested.

The calculation of the reference EAA4T fatigue curwas carried out by using the maximum log-
likelihood method, adopting the concept of unifosoatter band. This reference S-N diagram was used
for constructing a reference fatigue curves fdway axles, made of EA4T, in termslotal stress.

450 — B T B

O Producer A — Tests
B Producer A — Runouts
O Producer B — Tests
® Producer B — Runouts
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O WM - Tests
4 IWM - Runouts
m— GlObDal SN - Psge,

Global SN - [
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~ Pgse,
L m——
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3

Cycles
Figure 21 - S-N diagram for EA4T obtained merging dta on small scale specs obtained by IWM
and PoliMI.

After obtaining this S-N diagram, the variable aitygle tests carried out under block loading by Moli
and IWM were re-analyzed. The average relative Kimgex at failure has resulted to be very close to
0.5
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Figure 22 - Distribution of Miner Index at failure (calculated with Miner Konzequent method) for
all the VA tests.

Task 3.3
The main objective of Task 3.3 is to develop a meétlo improve the design of railway axles with
nrespect to fretting fatigue. The deliverable wesided in two parts.
Deliverable 3.3.a which was performed by Fraund¥¥M is subject to experimental and numerical
studies of the initiation phase of fretting fatigeracks on a small scale specimen level and thenpat
of such an approach to be applied to full scalesax|

Figure 23 — Schematic representation of the frettig fatigue test concept.
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Figure 24 — Fatigue damage parameter PSWT and PFS a function of (111, IP = 21,07 mm

By means of the developed approach :

a) experimental fretting fatigue crack initiation
b) FE analyses of the stress-strain state and
c) assessment by application of the .

the prediction of relevant multiaxial loading sceos which lead to initiation of fretting fatigue

cracks has been possible.

Due to scale effects up to now the results anddéreved PFS,crit. are only valid for the small scal
specimens investigated. However, to be able tauatalthe potential of the approach for an industria
application further investigations and numericallgses on full scale press fits are necessary.

Deliverable 3.3.b which was performed by Polimsisject to the assessment of fretting fatigue @ack
(position and critical depth under whichg frettilagigue crack grow is expected) which were inithie
full scale test axles.

Critical length at ¢ =153 MPa and y = 0.00mm

c [micron]

800 T T T T
: : : H friction coefficient 0.3
: ; ; H — friction coefficient 0.6

40

¢ [micron]

1100

Critical length at y = 0.00mm and friction 0.6
T T T

Figure 25 — Max crack depth after which the crack wuld tend to propagate due to the acting
bending nominal stress of F1 axle (left) and F4 axID/d=1,12 (right).

e The proposed model is able to correctly predictféilere location for all axle's geometries. The
better results can be obtained by the use of #dinicoefficient equal to 0.6

e The proposed model is able to predict the critsiaé of a prospective defect along the press-fit:

the size of this defect is approx. 0.5 mm;

e The experimental observations seem to confirm tbdahprediction;
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e The predictions and the experiments clearly shoat #t the fatigue limit we can have the
development of surface cracks which are then nlettalpropagate if they do not reach the critical
size—> new criterion for acceptance of run-outs.

Task 3.4

The following points were identified as relevansuks to be considered for a future revision of the
European norms.

Axle transitions:

e As shown in WP2 Kfactors determined through FEM model are gene2B6 higher than in the
EN.

e Axle can still be calculated by the beam theorid (E3103), but then apply the rea] tactors
(FEM model).

e In this case local stress fatigue limits (as deteed in this WP) should be used (with a failure
probability of 5%).

e Further investigation should address the valueshef safety factors to be used in the new
calculation method; in the EN they depend on maltetiype of axle and include effects
undetermined conditions of service loads and natetrength scatter; methods developed in
WP2 will allow to define appropriate values

e It is shown that appropriate surface blastinghef $surface can ensure no reduction of the fatigue
limit.

e Itis shown that unpainted corroded axles havg% [bwer fatigue limit compared to new axles.

Axle Press-fitted seats:

e It is proven that by applying the condition of gutability that no crack indication should be
found at the end of the fatigue tests, leads tdaction of the F4 fatigue limits.

e Nevertheless permissible stress should not begelthdue to the positive feedback from the
service.
The reason for the above is in the specific nabfitbe fretting fatigue phenomena (different from
classical surface fatigue) which implies damagesiated to the surface.

e |t is also shown that increasing the slope oftthasition near the seat edge (and controlling the
higher stress in this area) improves the frettatgytie resistance of the press fitted seats.

1.3.3 WP4 - Tools, technologies and surface protection sggms minimizing the
negative influence of corrosion
State of the art and recommendation for improvemenbf the coating technology

Basis for the work in Work Package 4 of Euraxles tee current state of axle corrosion protectidme T
state of the art was determined in 3 subtasks, eaamining a different aspect of the current capatin
technology. Outcome of these subtasks was the atemwv of current problems and possible
improvements, but also of necessary requirements.

Subtask 4.1.1 Database on painting, coating antégron systems, process technology and its quality
test methods (leader Bonatrans)

Existing solutions for new built axles and for ntamance were analysed by a survey among partnérs an
operators. Content of the survey was the appli¢el painting and protection systems including preces
and quality test methods. Furthermore technicaktiipations, literature and the outcome of recent
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projects related to axle coating were searcheeterchine the state of the art. The results areritbestin
deliverable D4.1 (leader Bonatrans).

Subtask 4.1.2 Analysis and limitations of the emgscoating technologies and the guality assessieent
methods contained in the standards (leader Rafil)

Problems in the past concerning painting and cgaystems were analysed also by a survey among all
partner, advisory groups and UIC experts. Limitagiof the quality test methods according the EN
standards and possible alternative or improved nesthods were investigated. The deliverable D4.2
(leader Rafil) as a technical report describes ltmétations of the requirements in the actual EN
standards.

Subtask 4.1.3 Comparison of national requiremests fnaintenance rules & practices) and in- service
operating conditions (leader Valdunes)

National requirements, maintenance rules and wigeoperating conditions were compiled by a survey
through all partners, advisory groups and UIC etspefhe gathered information were analyzed and
compared. The results are described in report PdaBler Valdunes).

Results for state of the art:

The complete results of the work to determine tlagesof the art are reported in the three delivesab
D4.1, D4.2 and D4.3 and also in a comprehensiverté@onclusion of Work Package 4, ERX-WP04-T-
GHH-076-01". Figure 26 shows an overview wheredifierent parties see the main problems. The main
results for general use of painting systems are:

cleaning / preparation of
the surface
influence of roughness of
the surfaceon MT-and -
UT-testing of the axle

adhesion of the coating
system

testing of the coating
systemin maintenance

testing of the coating
systemin new built
condition

AN ) .
— damagesin service

structure of coating
system / coating
thickness
——Manufacturer expense for the
application of the coating
system

ong-time behaviour of
the coating system

~m-Qperator

Research Institute

Figure 26 - Reasons for problems with paint systems

* A wide range of different types of paintings anatirags are used nowadays in the railway
industry.

* Inrecent years a trend is apparent to reduceaghsumnption of paints containing VOC's.

e But only limited application of VOC-free, water legspaintings.

* There is not sufficient knowledge of the connecti@tween paintings, the operating conditions
and the environment.

* The liability of paint and coating systems neetdéancreased to prolong the lifetime of the
corrosion protection

* SNCB use axles without painting or coating systeans, the axles do not have special problems
to corrosion fatigue
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Furthermore general recommendations for qualityrtethods as basis for the improvement of European
standard EN 13261 were derived:
» Tests should reflect the real conditions, mustdpeatable and should be as simple as possible.
* Test methods should be defined clearly and comgigte
» Tests from automotive industry can reduce costthesare commonly available.
* The scope of application should be defined cledty:homologation of painting system, for each
batch (production control) and/ or maintenancextésa

Improvement of the axle corrosion protection

Subtask 4.1.4: Benchmark of alternative and innegaprotection solutions used in other industries
(leader MerMec)

Alternative and innovative painting and coatingusioins in other industries were investigated, esligc

of those industries with high demands to corrogoostection like e.g. marine. The found systems were
analysed regarding service conditions, environntentpact, cost-effectiveness and approval aspects.
The results of this assessment showed that ongwatdéchniques deserve to be further investigated in
order to check if they could be applied for wheekdes. The complete results of the benchmark are
summarized in the report D4.4.

Subtask 4.1.5: Investigation of new improved pamptand protection systems and their technology
requirements (leader ENSCL)

Conventional and new preparation conditions of axldace were studied to provide a good adherence o
coated systems and to find a correlation betweensthface properties and the adhesion of the paint
systems. Figure 29 shows the flow chart. Therek88 samples were prepared by Bonatrans, BVV,
CAF, GHH, Lucchini and Valdunes (Figure 28), andlgred in industrial tests. Further laboratorygest
were carried out by ENSCL and UNIUD on selectedcspens 16 different specimens to evaluate the
protective properties of the coating systems agdtdrcorrelate them to the surface conditions. The
correlation between surface preparation and adhesits were not clearly interpretable. The obthine
results were mainly depending on the paint systenty after the electrochemical tests some diffeesnc
were observed between the samples. The most aatelpeffect was given by grit blasting. Furthelt sa
spray tests by SNCF underlined this result.
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Preparation of t »Industrial tests” of the paint 1. ,Laboratory tests” at ENSCL and
specimens witl ifferent adhesion: Cross cut, UNIUD: EIS, SEM, EPMA and
surface conditions and resistance to gritting, pull-off Profilometer {18 specimens)
painting types test 2. Additional salt spray tests at SNCF (8
183 Chosen specimens)
sSpecimens Specimens 3 surface
Fatigue tests in WP3: preparation

methods chosen
1:3 scale fatigue tests of
Proisi Sl fare from the results of
preparation: 1 reference industrial and

surface and 3 alternative laboratory tests
surfaces

1 surface preparation method
chosen fromthe results of
industrial tests, laboratory
tests and 1:3 scaletests

Full scale fatigue tests of best
surface preparation method
{EALN and EAAT)

Result:

New surface preparation method for better
paint adhesion with corresponding fatigue
limit

Figure 27 - Scheme of tests series for correlatidretween surface preparation and adhesion.

Ra 0.8um Ra 1.6pym Ra 6.3um Ra 12.5um
M— m—

Figure 28 - Different roughness after turning (left5 pictures) and after blasting (right 3 pictures).

A i 2

The grit blasting method was also investigated ndigg the further requirements for service. Themefo
surface conditions were reproduced on test spednrenrder to obtain the fatigue validation (done i
WP 3). Concerning the possibility of NDT on blastafaces, investigations showed that UT inspection
through hollow bore is possible without restricedor grit blasted surfaces with roughness Ra &3 p

Further investigations concerning protection systéar high-speed trains against ballast impactsewer
performed. These so-called class 1 protection sys@e now available in the market and the fiesdiste
results showed their performance in laboratoryrigsts well as under service conditions.

The complete results of this subtask are desciibéte deliverable D4.5.
Subtask 4.1.6 Unpainted systems requirements/iiois and innovative treatment solutions (leadar U

Udine)

An analysis of the surface composition and topolofyxorroded axles was performed. The observed
corrosion attack cannot be reproduced in a coetioNay in the laboratory using any kind of weathgri
cabinets. Therefore unpainted axles from servicee wgathered and provided to WP 3 for fatigue tgstin
These axles were passenger coach axles with ametgeen 9 and 11 years and a mileage between
870.000 km and 1.550.000 km.

The research and development of innovative treasnem prevent the corrosion of axles has been
performed following three different research linB$nSiC galvanic deposits, Cold plasma nitridingla
PECVD. Figure 29 shows the flow chart. The threatments were optimized from UNIUD and ENSCL
and the laboratory testing results were satisfgctor
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Substrates
Lab-scale for fatigue
research tests

Definition of |, Cold plasma Preliminary Denniioh Innovative Substrates

- of process [—» —]
characterization P treatments for  other

parameters tests

Characterization
and testing

)

Definition of alternative innovative solution

Figure 29 - Flow chart of analysis for innovative slutions.

Recommendations from the project for improvement othe axle corrosion protection
Alternative and innovative coatings

Several alternative coatings systems from otheustrgt branches and further innovative coatings were
investigated, especially regarding corrosion prodec environmental impact and cost effectiven@se
investigations could not be completely finalizedthin the project, as questions raised especially
concerning maintenance operations and the impablimh These points could not be completed without
experience from service.

Further investigations are recommended for th@Wahg coating systems:
* Zinc-Aluminum coating by thermal spraying (eleciaic spraying or flame spraying)
* Cold Plasma Nitriding
* Ni/SiC Nano Coating

The performed investigations let expect a goodosion protection for all these coating systems.
Nevertheless, the further investigations shoulduohe whether the coating systems need a top coat fo
better resistance to ballast impact. This top oaght be a conventional paint system.

Another interesting option which was investigatark strippable coatings. Strippable coatings aeel us
for temporary corrosion protection. Characterigtioperty of these coating systems is that theywarg
easy and fast to remove. So, in case of a coatintade, the coating can be easily repaired. Andxt&
surface inspection the coating can be easily recho@&rippable coatings may make sense with an
adapted maintenance concept. Further investigationaecessary for strippable coatings.

Surface preparation method

Based on the experience from service, and on thtiguéa tests, adhesion tests and tests for NDT
detectability in Euraxles, it is recommended towlbther surface preparation methods than curremtly
EN 13261 standard for new built wheelset axles.improve the surface conditions for better paint
adhesion, it is recommended to prepare the axfaciby blasting. Hereby a different surface rowggisn
shall be obtained. Any further requirements from EBR61 stay valid, here especially the residual
stresses (< 100 MPa).

The maximum roughness after basting shall be Ram6.3n additional possibility to control the surgac

is given by defining the roughness value peak dgriRPc(0.5) (acc. EN ISO 4287 ch. 4.3.2). The
obtained value is depending on the blasting proaessmaterial so that no common value is proposed
from the project.

Special emphasis shall be taken for the choicéebtasting material. The result of the blastingcpss

is dependent on the axle material and on the saifagperties before the blasting process. Highararb
steel, angular, granulometry 80 (ISO 11124 M/HCR)G#®uld e.g. be used for EALN axle material, and
ceramic shot might be suitable for EA4T axle materi
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Unpainted axles

Unpainted axles (Figure 30) from service were itigased in WP4 regarding surface aspect, corrosion,
roughness and chemical composition of the corrofager. The analysis showed that corrosion from
service cannot be artificially reproduced in weattabinets or chemicals, as the structure is tooptex.

For testing it is therefore recommended to usesdxten service in the desired conditions.

Furthermore unpainted corroded axles from a passergach application were gathered for fatiguestest
performed in WP3. From the results of the test$ViR3, the reduction of fatigue limit to 60% of the
allowed value for unpainted axles seems to be wemservative. First estimations would allow a
reduction to 80% to 85%. For detailed results araduation of the tests, see the report D3.2.

d .
(W T e o
pr— ) 4—s -1y

Figure 30 - Left: Unpainted axles for fatigue testig. Right: SEM micrograph through the corrosion
layer

Task 4.2 Development a definition of appropriate qality test methods for painted/ treated
protection and unpainted systems (leader DB AG)

In this task possible new or improved quality t@&thods should be examined taking into accoung stat
of the art determined in WP 4 and the proposed ongiments. Special remark was laid on standard test
methods from other industries. The test methodsently in EN 13261 were critically analysed. The
impact test was performed with different impact rgiess, and a new test method pull-off test was
performed to evaluate the benefit of changes imtradity test methods for axle corrosion protectidhe
main outcome is a proposal for the improvemenesfimhg methods in the standard for axles (clauge 3.
of EN 13261). The comparison of different test roethis summarised in D4.7 (leader DB AG).

Recommendations for testing methods of painting stems
Proposal for changes in EN 13261

The product requirements for railway axles in Eerepe described in the European standard EN 13261.
Clause 3.9 describes the requirements for the groteagainst corrosion and mechanical aggression.
Based on the results of WP4 and especially T4.2\Rd partners propose to make changes to clause 3.9
and related annexes which regard the protectiomstgeorrosion and mechanical aggression to improve
the standard. The proposal will be given to thedaadisation group CEN/ TC 256/ SC 2/ WG 11 as
complete revised text with justification for eadiange. The complete revised text section is intedri

the document “Conclusion Work Package 4”.

Seven test methods are described in EN 13261 sthnHar each test method it was discussed and
decided with the WP4 partner and the members oatwsory group which changes will be proposed.
For testing of coating thickness and resistancgperific corrosive products only editorial remagkse
given.

Adhesion testing
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The adhesion is a characteristic of all adhesiveefo applied between the coating and the axle gurfa
An alternative test method “Pull-off test” was istigated and already used in test series in Sb.4.1.
Based on this experience it is proposed to usePthkoff test additionally for paint thickness grea
1000um. The result should be a cohesion breakauitiinimum break force of 4 MPa.

Resistance to impactfor class 1 coatings):

This test method simulates a ballast impact. CtigrdtN 13261 requires impact energy of 11.3 J. This
energy was assumed to be too low, as the impact)gné ballast stone of 60g at a speed of 200 kisi/h
90J. Tests with impact energies of 50J and 90J wertormed for 3 different commonly used class 1
coatings by DB and CAF. These tests were finishetie reporting period. The results were compaved t
real impacts from service. It was concluded thgiaot of 90J show comparable damages to the example
from service (Figure 31).

Figure 31 - Left: Real ballast impact in service. Nddle, right: Impacts with 50J and 90 J.
Resistance to gritting

The actual EN 13261 standard describes a test guoedor the resistance to gritting which leadsitgh
destruction of the paint system especially for paystems with low thickness. A possible alterrais
the test described in EN ISO 20567-1 method B “Deiieation of stone chip resistance” which is a
common test method in automotive industry. As autyeexperience with this test is missing for raalw
axle paintings it can currently not be proposenhtamduce the new test method in EN standard.

Resistance to salt spray

The test duration needs to be defined. It is recentdad to make the test duration depending from the
coating class (480h, 750h or 1000h). Alternativelgecond test method is proposed. It is the cyclic
corrosion test and humidity test (DIN EN ISO 1199¢ycle B), consisting of 6 Cycles. Each cycles
contents 1 Day: Salt spray test (DIN EN ISO 922Z7§ays humidity test (DIN EN ISO 6270-2) and 2
days recondition at 18 — 28°C with 40 —60 % remidity.

Resistance to cyclic mechanical stresses

The test actually described in EN 13261 is veryet@md cost consuming. Alternative test methods were
found, e.g. Bend test (cylindrical mandrel) accogdio DIN EN ISO 1519 (mandrel diameter 40 mm),
Mendrel-flex test (EN ISO 6869) and Ericson test ERRO. But the alternative methods only test the
flexibility of the coating without cyclic bendin&o it is not recommended to exchange the test rdetho
the standard.

Furthermore a proposal is given for the standard1BR61 for the scope of application of the above
described test methods.

Testing of the cleanliness of the surface

The axle surface has to be properly cleaned befppdéication of the coating. Different coating sysse
may have different sensitivity to the cleanlinegsttee surface. So the cleanliness to be reached is
dependent on the used coating system.

The free surface energy is often used to expressléanliness. If no special value for a paintipgtem

is defined by the supplier then 40 mN/m can be ws®dninimum value for most organic painting
systems. Measuring of the surface energy can be doseveral ways. For industrial production the
usage of test inks is very convenient. Test inkseather available as fluid or as pens, and arg &as

Page 32 of 63



e | [ .

WURE i
Sowsanme . EURAXLES — 265706 — Final Report &M www.euraxies.ev [l

handle in production process. Another method idltdrescence measurement which is an optical method
to evaluate the surface cleanliness without tougkamd possibly polluting) the surface.

Fire protection

Organic paint system may be affected by fire. Tloeeethe topic fire protection is relevant also for
wheelset axles. Fire protection is currently retpgdan EN 45545-2 and TSI Loc&Pas, TSI HS and TSI
Freight. The required test methods of TSI Freigit BN 45545-2 are different, whereas TSI Loc&Pas
and TSI HS refer to national standards which wellrbplaced by EN 45545-2 in near future.

Members of the Euraxles project propose not to sakkerequirements concerning fire protection inkd E
13261 as a further test for organic paint systegtabse rules already exist and because contradictio
shall be avoided. Nevertheless testing of fire gution shall be harmonized for freight and passenge
traffic. Based on the facts mentioned before theafas project recommends changing EN 45545-2 as
follows:

Wheel-sets (product category EX11) shall be teaggainst fire protection, if the thickness of anamig
coating exceeds 300um. In this case test shaledermed for the lateral spread of flames accord8Q
5658-2:2006/Am1:2011, the limit shall be CEE8 kW/mZ.

1.3.4 WP5 - Non- destructive testing (NDT) and verificaibn of the reliability
of axles in service

Task 5.1: Review of the current practice on NDT mdtods used for the verification of railway axles

Task 5.1 of the EURAXLES project was dedicated te\aew of the current practice on NDT methods
applied in Europe for the verification of the intiég of railroad axles and to identify possible Wwaasses

in these methods. To reach this goal, in SubtakK ®f the project a questionnaire was distributethe
main operators, companies doing maintenance ardtaldrain set and axle manufacturers with the
request to describe the testing procedures appiietheir maintenance facilities, including probe
characteristics, calibration procedures, evaluadioth experiences from the application in service.

Originally, the questionnaire was intended to de#h ultrasonic testing (UT) only, however sincerso
operators don’'t apply UT, use UT only as a complaiamy method, or use other NDT methods
complementary to UT, also other NDT procedures weresidered. Therefore, eddy-current testing (ET),
magnetic particle testing (MT), and visual testiMjl) were included in the questionnaires both for
hollow axle testing and solid axle testing. Altdgat 16 questionnaires were returned by 10 companie
among them 7 questionnaires for hollow axles arfdrSolid axles. The results of the questionnaire
action are summarized in the first part of Delivxesb. 1.

The objective of Subtask 5.1.2 of the Euraxlesqmiojvas to perform benchmark tests at which train
operators and axle manufacturers took part witkr thepection systems applied during fabricatioriror
service. The benchmark tests have been carriedonlyt for ultrasonic testing since this is the
predominantly NDT method. Originally it was planneduse cracked axles produced in the fatigue tests
of WP3. However, since such axles were not avalébt the benchmark tests, it was decided by the
project partners to use axles with artificial reft@s implemented in all relevant parts of the sxlehe
reflector types which were implemented are reflectehich are typically used for sensitivity settifoy
ultrasonic testing.

From May 3rd till May 5th, ultrasound experts frddeutsche Bahn, Lucchini, Renfe, Trenitalia and
ULTRASEN met in the facilities of DB Systemtechnilk Brandenburg-Kirchmdser / Germany to
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perform the benchmark tests at railroad axles wighr ultrasonic equipment. Hollow axle testing was

performed mainly using automated equipment, but alsnual testing has been executed. Solid axle
testing was done manually, by manual testing widgtmanically guided UT probes, and with a semi-

automatic system. CAF and GHH contributed to thechenark tests in their own workshops after the

axles have been dispatched to them after the Te¥lieek in Kirchmoéser. The results of the benchmark
tests are summarized in the second part of Delie 1.

The results of the questionnaire action and theegspces gained during the benchmark tests were
evaluated in Subtask 5.1.3 with respect to strengtid weaknesses of the presently applied inspectio
systems and practices. On the basis of this asalgsiggestions for improvements have been given,
which are shortly summarized as follows:

Replacement of manual testing by automated testirrmsure reliability and repeatability, reduce hom
errors, improve throughput, allow for automatic dimentation and data storage

Improvement of sensitivity without increasing tla¢se calls rate
Differentiation between critical and non-criticairace imperfections

Consideration of the true axle geometry in orderdgduce the dead zone near the outer surface or
eliminate echoes coming from assembled componemase of press fit

Differentiation between geometrical echoes andaefehoes

Application of high-resolution data acquisition teduce the dead zone near the outer surface and to
classify defects

The detailed analysis is accessible in Deliveratie

Task 5.2: New methods to inspect axles in real seéce condition

Based on the “Gap Analysis”, the intention of T&R was to propose possible improvements of the
NDT methods applied during maintenance or to prepesy methods for in-service inspection. Various
improvements have been identified which show paétd increase the reliability of ultrasonic tesfiof
hollow axles and solid axles. Such improvementshavconsider the most critical areas in both axle
types.

It has been also presented a non-destructive tgobnof Inspection based on a Laser emission in
Deliverable 5.2. It highlighted background and ¢omats of the laser - ultrasound methodology when
applied by the railway industry to track inspectpmrposes.

After these generalities, a description of the esystdesign already developed has been given. This
description was enhanced by some meaningful latagratnd real ground test results that the system is
characteristics of. The report concluded with aalysis on the feasibility and convenience of trangfig
these previous achievements of the laser — ultrasawethodology, from in operation track inspection
axle’s inspection purposes.

The focus of Task 5.2 was on advanced UT techniquéeslso alternative or supplementary techniques
were considered, like thermography and applicadiosensors for structure-borne sound and acceberati
sensors.

The following technologies and methods, suitablertprove the presently applied inspection technéque
were outlined and discussed in detail in Delivez&hb:

» Ultrasonic phased array technique
» Synthetic Aperture Focusing Technique (SAFT)
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* POD simulation
* Induction thermography for surface crack detection
« Condition monitoring

The phased array technique is already widely usedutomatic ultrasonic testing of solid axles @awy
maintenance, especially from the cylindrical parttlee axles. But also for testing from the end face
phased array probes are applied and can providedayable advantages compared to end face testing
with conventional probes. A new phased array metlloe so-called Sampling Phased Array (SPA)
together with a special noise elimination algoritt@RDM) allows a considerable increase of the signa
to-noise ratio compared with the conventional ptaseray technique. The benefits of SPA are
particularly apparent in the case of testing ofeagsied and coated axles using the high angle scan
technique. This is of special interest for axlditgson the train in light maintenance where rent@fa

the coating at the contact surface of the ultrasprobes is not convenient. With the new technigjgé
angle scanning on the train becomes possible and #@ble to save time and costs. Using such
transportable and flexible equipment for the 10 @et inspection of solid wheel set axles could/le

an economical alternative to stationary inspecsigstems.

For hollow axle testing, presently research adéisiire performed by DB, aiming to combine the ptas
array technique with the SAFT method for analysisultrasonic indications found during routine
inspection. The combination of both methods allatinguishing between false indications and cracks
by the calculation of reconstruction images showtmgy geometrical indications and in case of a grack
the crack tip signal. The differentiation betweeamcks and false indications is important to avoid
disassembly of an axle in case of indications whamgse is unclear. In this way hollow axle testing
becomes much more efficient. Additionally to cléisation of ultrasonic indications, sizing of detied
cracks is possible by evaluating the crack-tip aigor cracks from about 2 mm depth.

The defect detection capability of an inspectionthod can be characterized by its probability of
detection (POD). However, experimental determimatd the POD is very time-consuming and costly.
To reduce the efforts for POD determination, simafatools are an appropriate means. If the POD for
the applied inspection technique is known, inspecintervals can be optimized and established less
conservative. Generally, simulation tools are vagvenient to optimize an inspection technology tand
support the validation process.

Besides ultrasound, magnetic particle testing (MTyised for axle inspection, especially for soldiea
testing. However, so far MT indications must beleated visually why currently no fully automatic
system exists. Moreover, MT requires a fluoresgarticles liquid which has to be disposed after the
inspection. These disadvantages can be overcommdugction thermography which can be easily
automated which is the prerequisite for furthercpssing of the recorded thermography data to aehiev
suppression of disturbing influences and to expgluét additional information provided by the tempora
changes of the thermographic image sequence.

For future maintenance concepts it is desirablgotdrom the regular maintenance to a condition-thase
maintenance. From the safety aspect, the most tanoobjective is the timely warning before a cati
defect results in an axle failure, which can beeaad by on-line monitoring which is also an apprale
means to record unexpected singular events whightnsause damages which are not considered in the
calculation of the axle’s lifetime. Possible apmtoas to fulfill this task are integrated ultrasoprobes

or sensors recording the structure-borne soundhegevith the information gathered from accelenmatio
sensors.
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Task 5.3: Diagnosis of flawed axle using new analgsand classification techniques

The aim of this task is to describe a new methaglolof diagnosis and classification of flaw axles
proposed by the University Carlos 11l of Madrid (BK2), which tries to be the seed of a new robust NDT
method for axle inspection that could be classifesda condition based maintenance technique. This
method is based in a sophisticated signal prooggsimcedure that uses vibration signals obtainethgu
rotation of the axle.

At first place, through the use of an analyticald®lp phenomena occurring in vibration signals when
crack appears were analyzed. The model selectedtheasvidely accepted Jeffcott Rotor model,
including a breathing function. With this modelettheoretical acceleration occurring in the midfléhe
axle is obtained. It was concluded that the amghditaf the signal at the first, second and thirdvizaric

of the rotating speed increases significantly Wi crack size. This phenomenon was observed tieall
rotation speeds tested.

Afterwards, experimental analyses were carried iouscaled axles, mounted in a rig called Rotokit.
Vibration signals were obtained from a railway as¢aled to 1/8. The chain measurement allows gettin
real vibration data. The tests were carried oulifferent conditions of rotation speed, and of krkavel.
The rotation speeds are:

e 20Hz (1200 rpm)
* 40Hz (2400 rpm)
* 60Hz (3600 rpm)

The different crack levels were always locatechemmiddle section of the axle. Their values, atit@pntb
the damaged area, were:

* Healthy axle.

» Axle with a crack of 12.5% of the diameter of théea
* Axle with a crack of 25%.

* Axle with a crack of 50%.

The results of diagnosis were very promising ancevedown in deliverable 5.4.

With the good results obtained in this first appnaoation, the experimental setup was improved aed th
number of levels of crack was increased to 9. Tawlthse generated in this case was composed of
experimental data obtained from three differenesvthstalled in Rotokit. Each case of crack anadpe
was tested 12 times, where each test consists @fcbB@secutive measurements, in order to reduce
experimental errors. Finally, the database genetze 432.000 points in the time domain.

The pattern selected as optimal to detect craclkeles in this task was the Wavelet Packets Tramsfo
(WPT) which was used to train different Neural Netks (NN). The architecture of NN finally chosen
has been the Radial Basis Function (RBF), becaodie the computational cost and hit rates were
optimized.

The new 9 levels of crack, again located in thedd@idection were:

» Healthy axle.
* Level 1: axle with a crack of 3.12% of the diameikthe axle.
* Level 2: crack of 6.25% of the diameter.
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e Level 3: crack of 9.38% of the diameter.
* Level 4: crack of 12.5% of the diameter.
» Level 5: crack of 16.66% of the diameter.
» Level 6: crack of 22.83% of the diameter.
» Level 7: crack of 25% of the diameter.

» Level 8: crack of 37.5% of the diameter.
» Level 9: crack of 50% of the diameter.

As can be seen, there were three different nevg sizdefects that are smaller than the first onasued

in the previous database. With these new 9 levkldetects, POD’s generated contain more precise
information about the reliability of the procedutiéhe results were shown in Deliverable 5.7. Figse
contains the POD obtained at 60Hz in this caseallyia probability of detection of 90% can be rezth
for the case of defect 1 which would correspond tiepth crack of 7 mm in a real axle.

Rotation speed: 60Hz
100 | |

90 b

80 b

70 .

60 b

50+ B

40| R

Probability of detection

30+ B

20+ B

10H B

0 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9

Level of defect

Figure 32 - POD obtained at 60Hz

In order to validate the good results of diagnasiaxles obtained with the algorithm developed esalv
experimental data were obtained from a real axleufited on a lathe). The details of the measurement
chain and the characteristics of the data are #qaan milestone 25 and deliverable 5.7. The tesoif
diagnosis, when applying the algorithm proposedficned the rates obtained in the scaled axlethao

it can be concluded that the methodology has veoglgrospects for the future.

As a main conclusion of this task, the validatiémmew algorithm to diagnose axles has been predgen
in Deliverables 5.4 and 5.7. The reports, as erpthpreviously, has considered the detailed stdidyeo
patterns as inputs of the ANNs, which is a deteamiriactor for the classifying process, and alsdtie
study of the different architectures and configors of network, with the aim of choosing the best
option.

The main factor to overcome is the sensitivity loé tresults respecting to the assembly and to the
mechanical system, which has to be carefully tcbate order to avoid spurious values of the signals
measured. A lot of efforts have been made to eregledo improve the quality of the results, anthage
been exposed, the results were improved afteringfithe mechanical system.

Page 37 of 63



e | [ .

TINLHTH FRAMTROEE |
mousanme | EURAXLES — 265706 — Final Report @  www.euraxies.eu [l

After getting very encouraging results both in edadnd real axles in rigs, there is still a lowafrk to
do. Carrying out some tests in a real railway dyits operating condition would be the next stelpisT
would allow the study of critical parameters, as thfluence of the signal/noise ratio (SNR) in the
reliability of the system, and the amount of timemaining from the detection of the crack to a
catastrophic failure. These parameters need gtiletdetermined, though the first results givearador
being optimistic, that is why the research is ongoi

Task 5.4: Verification of influence of surface damge and corrosion in service

Corrosion fatigue is a common damage mechanismhieisets. To what extend corrosion is leading to
axle failure is not known in the sense that it waser ascertained what the size of a localizedbsan
defect (e.g. corrosion pit) should be to lead ttufa by corrosion fatigue. It is moreover difficub
indicate a preferential initiation area since maxye geometries and loading conditions exist in the
European train fleet. In this task NDT techniques re@viewed for monitoring of corrosion and cragkin
in train axles without the need of disassembly.

For the detection of corrosion underneath orgaaatings a range of non-conventional NDT techniques
were reviewed. Since corrosion results in the rengig of surfaces, main focus was put on opticallND
technigues. Promising NDT techniques are terahextization technology (THz), electronic speckle
pattern interferometry (ESPI), digital speckle etation (DSC) and digital fringe projection (DFP).
Although these NDT techniques enable corrosionatiet® their applicability to assess degradation
phenomena under coated areas or in interferencas areust be carefully assessed mainly when
considering full-size train wheelsets. Specificlldrges to be addressed in the assessment of MizEe
techniques relate to: (1) limited accessibility thee coated areas due to the amount of components
mounted in the axles and (2) inaccessibility to thierference area and similarity of the dielectric
properties of the corrosion products and the satespresent at the interference areas.

The ultimate objective is to assess the potentfaNDT technologies that can be used without
disassembling the components mounted in the axlethis context, Electrochemical Impedance
Spectroscopy (EIS) and advanced ultrasound LanmRagieigh wave (Lamb wave) are considered for
testing in full size train axles.

The feasibility of using EIS for monitoring of sade damage in the interference area was studi&disEl
based on the application of a sinusoidal voltageadi between a work electrode and counter electrode
and subsequent measurement of the resulting cuesponse. This is done for a range of appliecagelt
frequencies. The ratio of applied voltage to curnesponse is the impedance of the path between
working and counter electrode. In a bode plot thpadance values for different applied frequences i
represented. In the studied system, the workingtrelée is the axle surface and the counter eleeti®d

the wheel. EIS experiments and simulations of tbdebplot for different % of damaged area of the
interference area, in the absence of humidity,cigid that significant surface damage is needed to
provide a major decay in the EIS response. Morethesingress of humidity or aggressive speciebat t
interference gap results in similar dielectric paes for the damaged area and non-damaged areas.
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These results let conclude that EIS, in the studietip, is of limited use for assess of the surface
condition in the interference area.

For detection of fatigue cracks lamb wave testimg wonsidered as a promising technique. A theaitetic
feasibility study was performed that indicated tlaatb wave testing can be used to detect cracksiin
covered parts of the train axles. Since cracksniade at rest are typically closed, the cracksehitie
effect on passing acoustical waves. When the isimoving the cracks periodically open up so that
interaction with wave packets becomes more sigmficObservables like mode conversion of the waves,
reflection and transmission amplitudes and frequesfcthe signal allow the detection of cracks and
indication of the defect location. Parts like wisedlearings, mounted onto the axle are in contabttive
surface which implies that it is very unlikely thaivered defects can be detected by means of surfac
waves due to very complex interactions in thesasarRegarding the set-up, a pulsed laser system is
preferred above a piezoelectric set-up. Not only & non-contact technique, it only required tasdr
points and at maximum one displacement system gpent the axles of a whole train. It is indeed
possible to guide a light signal through fiberglasbles to the desired location. This way one laser
system could allow inspection of a large humbewafons. To gather as much data as possible during
the opening up of a crack two approaches are stegfjesending in a sufficient number of wave packets
during each loading cycle or a stroboscopic metlibdre the inspection system is accurately coupled t
the rotation of the train axle.

Finally a novel crack detection method was investd. It was investigated whether elastoresistive
deformation plugs could be used to detect cracKsolfow train axles using the above mentioned EIS
technique. This novel monitoring technique is esaby an in-line technique and is based on the
expectation that train axles containing cracks orasion pits show a different vibration behavior
compared to intact train axles. It is the purpobéhs study to investigate whether different viiowa
behavior can be detected through the measurememtpeidance of elastoresistive plugs inside thetrai
axle. Elastoresistive materials typically consisaamon-conductive matrix with conductive filleM/hen
these materials are compressed, the conductivitie@ses. When the filler concentration increases
beyond a so-called percolation threshold, the cotidty drastically increases since more conductive
paths/networks are formed in the material. Idealbpncentration near the threshold is used for mmauxi
sensitivity of the material to small compressiomc8® commercially available elastoresistive materia
did not have the right properties needed for tpggliaation (sufficient elasticity, no creep, hystsis and
nonlinear response) tailor-made materials werestyated and developed. A combination of dielectric
firm gel (silicone) in combination with carbon blkafiller with diameter 5 pum gave the best results.
Experiments with a scale model of a train axle)(&rkd the use of a electrodynamic shaker indictitad

a change in resistance of the plugs could be medsurder dynamic loading. Comparison of the results
of testing on a scale model with and without crgigkded no conclusive results since the relaxatiioe

of the elastoresistive material in the tube withdetect was significantly smaller than for the twiiéh
defect. Therefore further efforts should focus omparison of the EIS impedance spectrum with defect
and without defect under dynamic loading and onmeration of the sensitivity of this technique by
comparing the results for tubes with different defezes. Furthermore the reproducibility of thegd
can be improved.

1.3.5 WP6 - RAMS and LCC taking into account market uptake

The application of RAMS/LCC concepts in the railwssctor is still incipient and the usual rule iatth
each organisation applies self-developed technedogihich may differ from one to another. As a first
step in the Euraxles project, a survey of RAMS/L@&Chniques used in the railway sector has been
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performed. The aim has not been to do an exhaustwision of the state of the art in RAMS/LCC
technologies but to identify the standards mosquestly used which would be adopted as a basis to
establish a unique analysis tool.

A questionnaire has been distributed among the W&rticipants. The questions concerned RAMS/LCC
techniques applied, software, standards and dasbds general, it can be said that most of the
participants consider RAMS/LCC analysis as partheir activity and in the contracts but to a diéier
extent. The most relevant conclusions are:

- Most of the participants calculate RAMS/LCC reglyyaand some have RAMS specialists in the
company.

- Operators consider RAMS/LCC requirements in themtacts for the complete vehicle but not
specifically for the wheelsets. Integrators sped®AMS/LCC parameters in the contracts
including the wheelset which are then translatetthéomanufacturers.

- In the vast majority, the participants use theirnodatabases to manage the RAMS/LCC
parameters.

- There is a lack of feedback from operators and tamars to manufacturers. This fact is one of
the main difficulties to improve the railway tramspcompetitiveness.

- In many cases, the tools and information given Iy tanufacturers are provided by the
customers so they are considered as confidential.

- Most participants use their own RAMS analysis safev(basically Excel).

From the results of the survey, a RAMS/LCC tool leen defined based on the following basic
requirements:

- Excel tool

- FMECA should be considered for safety analysis.

- For LCC calculations, acquisition and operatioradts should be considered as they represent the
most relevant phases affecting the LCC of axles.

- Maintenance costs should cover both preventivecanective maintenance.

Concerning safety, it has been agreed within tlogept that the analysis should be based only on the
RPN (Risk Probability Number) as a combination e¥egity, detectability and frequency for assessing
the level of risk based on the outcome of the FMEAAlysis. This option has been also discussed with
the UIC Set 06 EN 50126 project (www.uic.org) ahdsiin line with the work performed by the Joint
Sector Group linked to the freight wagon mainterrin which a Fault Tree Analysis (FTA) of a
wheelset is included.

Thus, FMECA is applied to categorize the failurede® and effects and to prioritize efforts and iais
common opinion that a target value for RPN to deiee quantitatively the risk is not attainable last
moment due to the lack of accurate data from serHowever, this analysis should be the basisher t
future to get accurate data for risk calculation.

Several questionnaires have been prepared anddistt amongst the partners to collect data based o
the common tool in order to define the parameterstlie reference cases which will be used for the
comparative analysis of the different solutionsestigated in the project. The reference cases nhose
include wheelsets from Freight, High speed, PasssffgfMU/DMU and Loco.

It has been found that the available data comiogfthe return of experience is limited, specially
referring to reliability data of axles. The improwent of collecting rata related to the reliabilitiyaxles

is clearly a need for the future in order to idBntine key aspects for the optimization of safdtgxdes in

the future. As an alternative, public availableadadming from databases have been analyzed. Thksres
of the study show that the safety of the Europedlwvay system has continuously improved along the

! JSG final report on the activities of Task Force for Freight Wagon Maintenance, 20/12/2012, (http://www.jsgrail.eu)
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last decades and nowadays railway transport iemely safe. For example, Figure 33 shows the number
of axle breaks in Germany in the last 50 yearsegsrted by the Joint Sector Group work on Freight

Wagons.

Rowd- vl Wellanbriiche bed den demtschen Eisenbalinen

Wellenbriiche pro Milliarde Radsatzkilometer 1960 — 2010

Figure 33 - Number of axle breaks per billion wheelet kilometres between 1960-2010 in Germahy

Due to the lack of quantified data, the reliabildly axles has been estimated by means of informatio
provided by experts in maintenance within the dédfeé contributing companies. From the received,data
the costs related to corrective maintenance acsodiontless than 5% of the total LCC so it has been
decided to perform the LCC analysis consideringy tmé¢ preventive maintenance operations.

The collected data features a significant scattenaintenance rules both among the contributors and
applications considered. This result shows a lakckamonization of maintenance rules in Europe.
Collaboration between different companies involirethe supply and maintenance of axles is needed fo
further optimization of safety and LCC of these paments.

The collected data has been analysed by all WP#gyarand reference cases for each application in
terms of maintenance operations, intervals andcegsa costs have been defined. Afterwards, and
applying the LCC calculation tool developed in thiserk package, life cycle costs (LCC) analyses of
these reference cases have been performed. A syroiidie results is presented in Table 2 in whiud t
representative annual mileage, lifetime, annual Retsent Value (NPV) and NPV/1,000 km are
included. The cost distributions are graphicallyresented in Figure 34.

FREIGHT HIGH SPEED LOCO EMU
Mileage/year 30.000 km 350.000 km 150.000 km 175.000 km
Lifetime 40 years 30 years 30 years 30 years
NPV annual 139 € 1.766 € 1.106 € 828 €
NPV / 1.000 Km 4,62 € 504 € 7,38 € 4,73 €
| Coating | Class3 | Class3(2comp) Class3 | Class 3 |

Page 41 of 63



|

SIVENTH FRAMEWORE
PROG

GRAMME

EURAXLES — 265706 — Final Report

h www.euraxles.eu

-

Automatic Semiautomatic | Semiautomatic | Semiautomatic
US technique system - Axle system bore— system —Axle | system —Axle
surface Hollow axle end end

Table 2 - Summary of defined reference cases for @aapplication.

All application reference cases NPV(%)

100,0%

Paint removal and application

MPI
90,0%

Change wheels

80,0%

us

® Dimensional Checking
EMM:V.I

B Axles boxes

# Reprofiling wheebk
v

W Acquisition cost

FREIGHT

70,0%
60,0%
50,0%
40,0%
30,0%
20,0%
10,0%

0,0%

HIGH SPEED LOCO EMU

Figure 34 - LCC of reference cases. Cost distribudn.

The main cost contributions are related to the mttpn and wheel substitution in heavy maintenance
The axle related operations (visual and dimensiorsglection, revision of axle boxes and NDT inchgdi
paint removal and application) can represent ti# bbthe total LCC costs. The percentages assaciate
to the operations depend on the type of application

Concerning the type of coating applied, class 3maling to EN 13261 is considered as the reference
solution for all applications. In the case of hggeed, class 1 coatings are being used in théelastears
but class 3 coatings are still assumed as theereferdue to the long time accumulated experience.

Regarding the ultrasonic inspection of axles iwiser different techniques are assumed as repsent
for each application. Thus, an automatic systenmfithe axle body surface (which requires paint
removal) is considered as the reference in freigigreas for high speed semi-automatic systemsgactin
from the bore of the hollow axles are generallyligolp For Loco & EMUs, semi-automatic systems from
the axle end are selected as the reference.

The costs associated to the innovative solutionssitigated mainly in WP4 have been estimated ierord
to compare with currently existing technologiesgémeral, there is a lack of expertise of the appbn

of innovative coatings to railway axles both fomnproduction and for maintenance. For instance, for
most solutions the impact on non-destructive tgstMDT) coating repair/substitution in maintenamnce
not clear due the lack of knowledge of the supplm@rthese technologies in the railway industry,and
particular, in axles. Thus, further investigati@rs needed to assess the innovative coatings paitiad
emphasis in Zn-Al thermal spraying coatings.

Taking as the starting point the reference caséigedein previous tasks of this WP6, a parametric
analysis has been performed to determine the tnehatd can be used to assess the optimization & LC
for different applications. As an example of theules obtained in the parametric analysis, Figuse 3
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shows the estimated LCC variation for high speegliegtions when the intervals for different
maintenance operations are changed taking as itied Bituation the corresponding reference case. A
can be seen, the highest influence is relatedachdavy maintenance (H.M.) operations which, among
others, include the substitution of wheels and ghmt removal for MPI inspections. Similar analyses
have been performed for other parameters like dBnigues and types of coatings. Studies of therothe
selected applications (Freight, Loco and EMUs) hgelded analogous results. The obtained curves can
be used to estimate the cost savings when moddiabn the maintenance practices are considered.

% of NPV

100%
98%

X 96%

94%

90% —4—V.1. [Km]
& US [Km])
H.M. [Km]

ws Axle boxes [Km]

80%

75%

70% Mileage
500.000 1.000.000 1.500.000 2.000.000 2.500.000 3.000.000

Figure 35 - LCC parametric analysis results. High geed.

The investigations carried out in the Euraxlesgubhave been combined to assess, in a first attenap
maintenance practices in order to ensure the taegjability of axles in service. In general terrttse aim

of any maintenance should be to preventively awamig problem related to deterioration of the axtes i
service and, more specifically to the axle surfaicd coatings, to 'maintain the original surfacedtoon'

of the axle. A methodology for the reliability aiedst analysis of the axles has developed consglerin
mechanical impacts and corrosion as the failuresctaig the reliability of the axle which can beufal

on service.

The methodology has been applied to a high speplitapon as a demonstrator taking as the basis the
maintenance information related to the referense ¢ar this particular application and the loadcspen
extracted from the HYPERWHEEL project.

Figure 36 shows an example of the attained resutthis case, both the average failure rate aed th
annual cost as a function of the inspection intery@an annual mileage of 350,000 km has been
considered) of an axle subjected to corrosion fonaximum stress of 210 MPa acting on the axle are
represented. It can be seen that the inspecti@nvaltto achieve the target failure rate is 70,860
Concerning the cost calculation, which accountghercost of maintenance and the potential coatael

to a derailment, the optimal minimum cost is oledifior an inspection interval of 70,000 km too.

Analogous calculations have been done for diffesttations and the main conclusion which can be
derived is that the inspection intervals dependhenapplied stress so that the higher the actiegsthe
smaller the inspection interval required to reabb target failure rate and, conversely, the higher
associated costs.
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Figure 36 - Reliability and cost analysis of and d& subjected to corrosion. Failure rate and cost vs
inspection intervals for a maximum stresses = 210 RA.

The main conclusions of the tasks performed in \&Rehighlighted below:

- According to the return of experience, the riski&we axle failures in actual railway traffic is yer
low so the railway transport is extremely safe.

- There is a significant scatter of maintenance prestamong the different companies showing the
lack of harmonization of maintenance rules in Eerop

- Information about reliability of axles in service lacking. Collaboration between different
companies involved in the supply and maintenancaxtds is needed for further optimization of
safety and LCC of these components.

- The main cost contributions to LCC of axles aratexl to the acquisition and wheel substitution
in heavy maintenance. The percentages associattiese operations depend on the type of
application.

- The axle related operations can represent 15% eftttal LCC costs, depending on the
application.

- There is a lack of expertise of the applicationnoiovative coatings to railway axles both for new
production and for maintenance. Thus, further itigafons are needed to assess the innovative
coatings with special emphasis in Zn-Al thermabkgprg coatings.

- A method for risk analysis linked to cost calcwas for determining the optimal inspection
intervals has been derived. The resulting intendipend on the maximum stress of the load
spectrum.

The common approach to RAMS/LCC analysis defineBWRAXLES can serve as a starting point for
unified safety and cost evaluation of railway sgstein general and wheelsets in particular withia th
European railway industry.
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1.4Potential impacts

A high impact from the different solutions and negoendations from the project is expected in the
following technical areas, highlighted at the inbep of the project.

* Optimised axle design
The project has proposed a new axle design metbggdbased on modern analysis techniques and
appropriate safety limits derived from calculated @ested loading scenarios of vehicles in sernvite
new optimised design method will enable the axladequately withstand the applied loads leading to
reduced axle degradation, thus reducing the riskef failure and vehicle accidents.

This specific activity carried out in the projec@shbeen presented in the spring 2014 to CEN (Earope
Committee for Standardization). The committee rasgme for the standardization of railway rolling
stock, in more specifically in the field of Wheealsd Wheelsets had decided to officially start wagkon
the publication of a CEN “Technical Report”. Theport will use the key results of this activityarder

to prepare the grounds for future standardizatiorkw

¢ New coating solutions
Fatigue cracks causing axle failures are a majoseaf accidents, and two recent events (in Italy a
Germany) highlight this link. Current organic basmxhtings are particularly susceptible to degradati
from the environment and ballast impact. The prtojalt develop a more robust coating system (thioug
the investigation of various innovative coatingss@wing axle projection and hence improved fatigue
resistance. This will significantly reduce the likeod of axle failure and axle failure induced idents,
thus reducing the number of fatalities and injudassed.

» Better detection of defects
Improved detection of defects will be enabled tigtoan improved/innovative NDT methodologies
which will permit more accurate measurements of @k condition and detection of defects. The
technology will detect possible defect-induced uiak before they occur, thus leading to fewer axle
failures and accidents. An improved knowledge effétigue properties of used steel and understgndin
of crack creation and propagation will enable atinoiged regime for in service inspection by NDT, MP
and possibly other new methods. These measurediesadly to a lower probability of crack creation,
axle failure and vehicle accidents.

In addition, the common approach to RAMS/LCC analgefined in EURAXLES can serve as a starting
point for unified safety and cost evaluation oflway systems in general and wheelsets, in particula
within the European railway industry. Considerihg fragmentation in this field in the rail sectthis
activity also allowed to advance the RAMS/LCC apuin

The project’s contributions to the standardizagwocess will allow a direct influence of its resutinto
the different actors of the rail sector, especialiythe design level and during the maintenancegs®
The results will ensure an ever high level of satdtrail transport, and will ensure an improved @ost
effective maintenance process, which will haverapact on the competitiveness of the sector as dewho
(operators and manufacturers).

The complementarity of the EURAXLES consortium isteength for the research aspect but will also
allow an efficient and effective dissemination loé foroject results.
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They key members of the CEN WGL11, responsible f&r $tandardization of railway wheels and
wheelsets are also major partners of the projeuais Will ensure the smooth transition of the projec
results to standardization, which was one of thenrgaals of the project.

In addition, UNIFE, as coordinator and dissemimatieader, and UIC as dissemination partner, will
enable the good communication around the projdoe. fWo sector associations are well placed in terms
of membership and relations with the key stakehsltteensure the afterlife of EURAXLES.

EURAXLES was already represented in major evemtses010:
« WCRR 2011, Lille, France and WCRR 2013, Sydney,tralis.
* Transport Research Arena (TRA) 2012 in Athens, Gremd TRA 2014 in Paris, France.

« Dedicated session at the occasion of tHe Ih#rnational Wheelset Congress (IWC) in Kiev,
Ukraine, September 2013.

* The 1st European Forum on Running Gears, MadridinSp June 2011. The project results were
again presented after the official end of the pioiie June 2014 at the occasion of tAg 2
European Forum on Running Gear, Madrid, Spain.

1.5Address of the project public website and contadetails

The address of the project public website is given the front page of this report:
http://www.EURAXLES.eu.

The main contact is the project coordinator: L&adR,Project Manager, UNIFE.
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2.Use and dissemination of foreground

Section A (public)

Is/Will
Title of the open
NO. Title Main author periodical | Number, date Publisher Ye_ar o_f Relevant acpes%
or the or frequency publication pages provided to
series this
publication?
1 Room and high M. Lekka, | Surface and 206 Elsevier | 2012 3658-3665 | no
temperature wear A. Lanzutti,| Coatings
behavior of Ni matrix | A. Technology,
micro- and nano-SC | Casagrande,
composite C. de
electrodeposits Leitenburg,
P.L.
Bonora, L.
Fedrizzi

Table 3 — List of publications

TEMPLATE A2: LIST OF DISSEMINATION ACTIVITIES

2 Open Access is defined as free of charge access for anyone via Internet. Please answer "yes" if the open access to the publication is already established and also if the embargo period for
open access is not yet over but you intend to establish open access afterwards.
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