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Research in electromagnetic methods of nondestructive evaluation; 
eddy current testing; material characterization; 
corrosion; phase transformations; X-ray diffraction; nuclear energy.

1976: University Diploma in Physics (Licenciada en Ciencias Físicas) 
from the University of Buenos Aires. 
Graduate thesis: “Microanalysis with the laser microprobe LMA1 –
Karl Zeiss – Jena”

1976: Advanced Training Course on Metallurgy – OEA - CNEA

1989: Ph D in Physics (Doctora en Ciencias Físicas) from the University 
of Buenos Aires. 
Doctoral thesis: “Ti, Zr and the Ti-Zr system: phase diagrams and associated 
transformations”

1996: Level 3 Certificate, Eddy currents testing, IRAM-ISO 9712, 
periodically renewed and recertified. Last recertification: April 2016. 

Career profile



I entered the NDT Department (INEND, created in 1976) in its early stages, 
where I was trained in different methods of NDT, mainly eddy current testing 
(ET) and ultrasound (UT), took level 2 courses and worked in R/D in various 
aspects of both methods, until I finally devoted myself to ET. In parallel, I was 
preparing my PhD dissertation at the Materials Department.  
By 1988, as Head of the Applied Research Group, I started fostering R/D 
and inspection activities in ET, as well as in Acoustic Emission and Optics. 
My background as a metallurgist led me to work in multidisciplinary groups 
devoted to the follow-up of components of nuclear power plants (NPP’s) and 
to material characterization / degradation, always contributing the NDT point 
of view. The materials of interest are mainly Zr and its alloys (so-called 
nuclear materials: fuel cladding, fuel channels, pressure tubes), steels, nickel 
alloys (incolloys used in steam generators of NPP), aluminium. 
In 1994 I was appointed member of the first examination – certification board 
on ET and received in 1996 my IRAM-ISO 9712 Level 3 ET Certificate, 
pioneering the certification in that method in Argentina.
I participate in several international cooperation projects, within the 
framework of which I visited sister-institutions abroad.



AreasAreas ofof interestinterest

NondestructiveNondestructive evaluationevaluation
Eddy Eddy currentscurrents
ProbeProbe designdesign
ModellingModelling
MagneticMagnetic measurementsmeasurements
CorrosionCorrosion
HydridingHydriding
Phase Phase transformationstransformations

MaterialsMaterials::
ZirconiumZirconium base base 
alloysalloys..
AluminiumAluminium
StainlessStainless steelssteels
CeramicsCeramics
CoatingsCoatings

The work normally consists in the preparation of test specimens by 
autoclave or thermomechanical treatments and their characterization

using different techniques, metallography, XRD, electromagnetic
nondestructive techniques. In some cases, special techniques were

adapted or developed.



An overview of the most significant work is given
here, which include nuclear materials (Zr base 
alloys), stainless steels and international cooperation
projects. Discontinued research lines (aluminium) 
and work mainly made at other laboratories are 
mentioned in the bibliography but not dealt with here.
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Study of Zircaloy-4 corroded in 
autoclave for its NDT 

characterization with planar coils
eddy current testing

PhD student: Mag. Lic. Javier Fava

Counsellors: Dra. Marta Ruch
Dra. Liliana Lanzani

ENDE and Material Departments. Centro Atómico Constituyentes. CNEA.



CorrosionCorrosion ofof ZrZr--base base alloysalloys

Autoclave Autoclave corrosioncorrosion in 1M in 1M LiOHLiOH at 340at 340ººCC andand
equilibriumequilibrium pressurepressure 13.6 13.6 MPaMPa
Zr + 2HZr + 2H22O O →→ ZrOZrO22 + 2H+ 2H22
HH22 diffusesdiffuses intointo thethe materialmaterial
ConditionsConditions are similar are similar toto inin--pile pile corrosioncorrosion, , butbut
acceleratedaccelerated andand therethere isis no no radiationradiation..
AnAn oxide oxide layerlayer growsgrows onon thethe surfacesurface..
HH22 liberatedliberated by by thethe corrosioncorrosion reactionreaction entersenters thethe
alloyalloy, a , a hydridehydride layerlayer growinggrowing belowbelow thethe surfacesurface..
HeatHeat treatmentstreatments forfor thethe homogeneizationhomogeneization ofof H H 
andand ZrZr--hydrideshydrides in in thethe bulkbulk are are necessarynecessary..



CorrosionCorrosion ofof ZrZr--base base alloysalloys
Autoclave Autoclave treatmenttreatment

SpecimensSpecimens werewere studiedstudied by by weightweight gaingain, , 
metallography, Xmetallography, X--rayray diffractiondiffraction, , opticaloptical andand
electronicelectronic microscopymicroscopy, , eddyeddy currentscurrents..
PlanarPlanar andand pancakepancake coilscoils werewere usedused..
A A modelmodel forfor impedanceimpedance Z Z andand parameterparameter extractionextraction waswas

developeddeveloped..

MicrographsMicrographs ofof thethe specimensspecimens, , showingshowing oxide oxide 
layerslayers andand hydridehydride distributiondistribution are are presentedpresented..
ResultsResults are are summarizedsummarized in a in a tabletable..



Autoclave treatment
of Zircaloy-4 in 1M 
LiOH at 340ºC and

equilibrium pressure
13.6 MPa

24962496165816581392139210181018683683416416233233
SpecificSpecific
weightweight gaingain
[[mgmg/dm/dm22]]

HydrogenHydrogen
[[wtwt ppmppm]]

Oxide Oxide 
thicknessthickness
[[μμmm]]

M3M3M4M4M5M5M6M6M2M2M1M1M7M7

201920191296129612041204835835687687231231142142

1721721061061031037575535330301717

Top view of oxidized
Zircaloy-4 thick specimens

(4 mm thick)



Cross section of the
autoclave grown oxides on
the Zry-4 specimens. 

Optical microscopy

Autoclave treatment
of Zircaloy-4 in 1M 
LiOH at 340ºC and

equilibrium pressure
13.6 MPa



1204 ppm H             1296 ppm H             2019 ppm H

Delta-hydrides in some specimensAutoclave 
treatment of

Zircaloy-4 in 1M 
LiOH at 340ºC
and equilibrium
pressure 13.6 

MPa



687 ppm H    835 ppm H   1204 ppm H   1296 ppm H

Electron
microscopy

Autoclave 
treatment of

Zircaloy-4 in 1M 
LiOH at 340ºC
and equilibrium
pressure 13.6 

MPa
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MetastableMetastable austeniticaustenitic steelssteels
In steels, γ to α transformation takes place on
cooling, the amount and morphology of the low
temperature phases depending on composition, 
cooling rate, strain-stress conditions, etc

Austenitic stainless steels: retain the γ phase
down to room temperature (RT) (Ms is very low)

in Austenitic SS, deformation induced martensite
(DIM) can be formed at T< Md (> Ms)

Equilibrium austenite. From
Shirdel et al. Mat. Charact
103(2015) 150-161



ReversionReversion ofof martensitemartensite

SpecimensSpecimens ofof AISIAISI--304 304 andand 316 316 stainlessstainless steelssteels
availableavailable at at thethe lablab werewere rere--examinedexamined toto studystudy
thethe reversionreversion ofof martensitemartensite in in metastablemetastable
austeniticaustenitic steelssteels..
Metallography, Metallography, eddyeddy currentscurrents andand magneticmagnetic
techniquestechniques werewere usedused toto studystudy thethe evolutionevolution ofof
reversionreversion as a as a functionfunction ofof temperaturetemperature ofof heatheat
treatmenttreatment (HT). (HT). AllAll studiesstudies werewere made at made at roomroom
temperaturetemperature..
NewNew interestinterest in in thisthis material material promptedprompted by by itsits fine fine 
grainedgrained structurestructure withwith enhancedenhanced hardnesshardness andand
goodgood corrosioncorrosion resistanceresistance propertiesproperties..



Reversion of α’ Martensite
SEM images of HT-specimens   AISI 304 steel 12000X. 

a) 4-yz (550ºC); 
needle-like martensite

b) 7-xz (650ºC); lath 
martensite
deformation bands 
and elongated 
austenite grains in the 
rolling direction 

c) 9-yz (700ºC); lath 
martensite, 
deformation bands and 
elongated austenite 
grains

d) 11-xz (800ºC); 
recrystallized
austenite grains in 
a matrix of 
deformed γ or γ’ .



Reversion of α’ Martensite
MicrostructureMicrostructure

The microstructure of the 304 specimens evolves from The microstructure of the 304 specimens evolves from 
needle (4needle (4--yz) to lath yz) to lath martensitemartensite, deformation bands and , deformation bands and 
elongated austenite grains following the rolling direction elongated austenite grains following the rolling direction 
(7(7--xz), more visible in (9xz), more visible in (9--yz) to yz) to recrystallizedrecrystallized austenite austenite 
grains in a matrix of deformed grains in a matrix of deformed γγ or or γγ’’ (11(11--xz) xz) 
All the 316 specimens have austenite grains All the 316 specimens have austenite grains elongated elongated 
in the rolling direction, which indicate that the texture in in the rolling direction, which indicate that the texture in 
the material is conserved even after the high the material is conserved even after the high 
temperature HT. Two types of microstructures are temperature HT. Two types of microstructures are 
observed. In specimens up to M6 (700observed. In specimens up to M6 (700ººC), C), αα’’ lath lath 
martensitemartensite is observed, even after an increase in the is observed, even after an increase in the 
amount of reversed austenite amount of reversed austenite gg’’ for higher temperatures. for higher temperatures. 
The microstructure of The microstructure of γγ’’ is very similar to that of is very similar to that of αα’’



Cuts: (a) and (b) cross section perpendicular to 
the rolling direction; (c) and (d) rolled face.

Reversion of α’ Martensite
SEM images of HT-specimens   AISI 316 steel 1200X. 

a) M1: 200°C 
33%α’

b) M4: 500°C, 
18% α’

c) M8: 
860°C, 
1.8% α’

d) M9: 
900°C, 
1.5% α’.
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Eddy currents are used for material characterization

Planar coils were designed and constructed. 

A model for coil impedance and extraction of material parameters
was developed. The model follows the SOVP (Second Order Vector 
Potential) approach developed by Theodulidis

A quick overview of the model is given here – planar coil on planar
conductive medium.

Later, planar and pancake coils were used for the inspection of the
autoclave-treated Zry-4 specimens.

An 1260 Impedance Analyzer by Solartron was used for the
experiments.

Eddy currents testing: probe design
Modelling



Planar coils

13 mm

10 mm

100 mm

50 mm



The values to calculate
InductanceInductance in in airair (L(L00))
ImpedanceImpedance diagramsdiagrams ((ΔΔZ)Z)
Eddy Eddy currentcurrent distributiondistribution (J)(J)

Z R j XΔ = Δ + Δ

00Z Lω= j

jωσ= −J A

Jc(x, t) = J0(x)ejωt, 
ω = 2πf.
μ = μ0μr



TheThe modelmodel
SecondSecond orderorder vector vector potentialpotential approachapproach..
QuasiQuasi stationarystationary approximationapproximation..
CoulombCoulomb gaugegauge, , ((∇∇⋅⋅A = 0), A = 0), μ = μμ = μ00μμrr

WA ×∇=

1 2= + ×∇ ⋅a,b,c ,a ,b,c ,a ,b,cˆ ˆW WW z z
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The model
CoilCoil ImpendanceImpendance:: 0Z Z Z= + Δ
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Z-diagram of a finite thickness
conducting plate

((comparisoncomparison withwith a a semisemi infinite infinite conductingconducting blockblock))

Fmax = 10 MHz



Calculated Z- diagram:
Study of effect of σ and thickness

Fmax = 10 MHz

F1 = 75 kHz

F2 = 800 kHz



SummingSumming upup
• An analytical solution to the problem of calculating the EM fields 
produced by a flat rectangular eddy current coil above a conducting plate 
was presented.

•At the limit for thick specimens the new calculations coincide with those 
for the infinite block. 

• From the calculations, it can be defined the minimum thickness a 
particular conducting material should have in order to be considered 
infinitely thick for an EC test, i.e. at a given test frequency.

• For these coils, a 5 mm thick material “is” infinitely thick in all the 
frequency range for EC, independent of its conductivity.

•The coils have a better coupling to a thin plate than to a thick one.
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EvaluationEvaluation ofof autoclave autoclave treatedtreated ZryZry--44

ThicknessThickness ofof oxide oxide layerlayer: : weightweight gaingain; Fischer ; Fischer 
thicknessthickness gaugegauge; ; opticaloptical microscopymicroscopy
HydrogenHydrogen contentcontent: : eddyeddy--currentscurrents: Z: Z--planeplane withwith
ectect andand calibrationcalibration standards; standards; modelmodel andand
SolartronSolartron 1260 Z1260 Z--analyzeranalyzer; Fischer ; Fischer ConductivityConductivity
gaugegauge. X. X--rayray diffractiondiffraction; ; directdirect extractionextraction withwith
LECO.LECO.
By By eddyeddy currentscurrents, , thethe thickthick specimensspecimens couldcould be be 
classifiedclassified in in threethree groupsgroups accordingaccording toto theirtheir H H 
contentcontent



24962496165816581392139210181018683683416416233233
SpecificSpecific
weightweight gaingain
[[mgmg/dm/dm22]]

HydrogenHydrogen
[[wtwt ppmppm]]

Oxide Oxide 
thicknessthickness
[[μμmm]]

M3M3M4M4M5M5M6M6M2M2M1M1M7M7

201920191296129612041204835835687687231231142142

1721721061061031037575535330301717

Autoclave treatment of Zircaloy-4 
in 1M LiOH at 340ºC and

equilibrium pressure 13.6 MPa



Oxide thickness [µm]: comparison of different
measurement procedures

Oxide thickness [μm] (by weight gain)

y=x (weight gain)
Optical microscopy
Fischer
ET Coil 1
ET Coil 2
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Weight gain indicates average oxide thickness. 
Fischer Dualscope MP40 measures oxide thickness at particular points. 
ET coils + model indicate maximum oxide thickness in each specimen.



Pancake coil Zetec
(above left)

ET, MAD 8D from
ECT

Planar coil

Oxide free face
(above right)

Oxide face
(left)

Z-plane indications
from autoclave 
corroded thick
specimens. 

Effect of H content



Normalized impedance ΔZ (f) - planar coils. 
Dots: corrected experimental data; 
Full lines: Calculated values.
Thick specimens could be classified in three groups, 
according to conductivity and hydrogen content

0/XZΔ 0/XZΔ

Modelling: SOVP 
second order vector 

potential method



IV PANNDT  - Pressure Tubes 
Blister Detection by NDT

SampleSample [H] ([H] (wtwt--
ppmppm))

ResistivityResistivity
((μΩμΩcmcm))

3C3C 565 565 ±± 6565 71 71 ±± 11

4C4C 870 870 ±± 9090 75 75 ±± 11

3B3B 1520 1520 ±± 150150 76 76 ±± 11

H content in Zircaloy-4 - eddy currents

Thin specimens (1 mm thick)

Impedance plane curves



HydrogenHydrogen assessmentassessment: : 
ConductivityConductivity measurementsmeasurements

ConclusionsConclusions
TheThe 5 5 mmmm thickthick specimensspecimens couldcould be be classifiedclassified in in 
threethree groupsgroups in in termsterms ofof hydrogenhydrogen contentcontent..
BetterBetter sensitivitysensitivity waswas obtainedobtained withwith 1 1 mmmm thickthick
specimensspecimens. . 
EffectEffect ofof hydridehydride distributiondistribution in in specimenspecimen
thicknessthickness toto be be studiedstudied..
CombinedCombined influenceinfluence ofof conductivityconductivity andand
thicknessthickness..
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Characterization of Cold Characterization of Cold 
RollingRolling--Induced Induced MartensiteMartensite in in 

Austenitic Stainless SteelsAustenitic Stainless Steels
MartaMarta CleliaClelia RUCHRUCH 11, Javier, Javier FAVAFAVA 11, Cristina, Cristina SPINOSASPINOSA 11, Monica, Monica LANDAULANDAU 11, , 

GuillermoGuillermo COSARINSKYCOSARINSKY 11, Adriana, Adriana SAVINSAVIN 22, Frantisek, Frantisek NOVYNOVY 33, , 
VitaljaVitalja TURCHENKOTURCHENKO 44, Mihail, Mihail LiviuLiviu CRAUSCRAUS 44

11 Comision Nacional de Energia Atomica,Comision Nacional de Energia Atomica, San Martin San Martin -- Buenos Aires,Buenos Aires, ArgentinaArgentina
22 National Institute of R&D for Technical Physics,National Institute of R&D for Technical Physics, Iasi,Iasi, RomaniaRomania

33 University of University of ŽŽilina,ilina, ŽŽilina,ilina, SlovakiaSlovakia
44 Joint Institute for Nuclear Research,Joint Institute for Nuclear Research, Dubna,Dubna, RussiaRussia

Contact eContact e--mail: ruch@cnea.gov.ar mail: ruch@cnea.gov.ar 



With a Solartron 1260 impedance
analyzer, the impedance of a coil with
an alternate current of frequency f is
measured in air and coupled to a 
conducting specimen, thus obtaining
the experimental impedance difference
∆ZE as a function of f. 

The theoretical impedance difference
∆ZT of the coil in air and on the
specimen is calculated with the
model.

Eddy currents – assessment of μ



Coupling
z1 = lift-off

Coil Specimen
{N  r1 r2 (z2-z1)} {σ μ d}

Theoretical model Impedance analyzer

ΔZT = ZT – ZT
0 = F (N, r1, r2, z1, z2, f, σ, μ, d) ΔZE = ZU

Corr – Z0

Least square fitting

Assessment of {σ, μ, (z2 – z1)}

Procedure for conductivity calculation



Procedure for magnetic measurements

Samples
M1, M2,… Saturation

magnetization of
samples

Saturation magnetization for
100% magnetic phase

Steel Composition

Mass of
samples

Feritscope readings %δ ferrite

Saturation
measurements %α´ (martensite)

Calibration
curve 

y= A .exp(R0.x )

y= %α´’

x= %δ (Feritscope reading)   

Saturation moments for
Fe, Cr and Ni



Relative permeability and electrical conductivity
of HT specimens, measured at RT

Phase content, DRX- Ferrideltimeter

304

316



ConclusionsConclusions
TechniquesTechniques recentlyrecently availableavailable in in thethe lablab werewere usedused toto improveimprove previousprevious
resultsresults onon specimensspecimens ofof metastablemetastable 304 304 andand 316 316 austeniticaustenitic SS. SS. TraditionalTraditional
techniquestechniques werewere alsoalso usedused..
Reversion of Reversion of martensitemartensite was studied with XRD, was studied with XRD, FeritscopeFeritscope, metallography, , metallography, 
eddyeddy--currents plus a model (magnetic permeability), electrical conduccurrents plus a model (magnetic permeability), electrical conductivity tivity 
(van (van derder Pauw) and Vickers microhardness.Pauw) and Vickers microhardness.
The phase transformation process could be studied at RT using spThe phase transformation process could be studied at RT using specimens ecimens 
which had been submitted to reversion HT using all of the above which had been submitted to reversion HT using all of the above mentioned mentioned 
methods.  methods.  
The conductivity curve showed a twoThe conductivity curve showed a two--stage reversion process.stage reversion process.
Diffusion reversion could start at 550Diffusion reversion could start at 550ººC and shear reversion at 650C and shear reversion at 650ººCC
The metallographic studies showed the deformed faulty structure The metallographic studies showed the deformed faulty structure of the of the fccfcc’’
phase.phase.
Full reversion to austenite was not achieved with the 1 hour HT Full reversion to austenite was not achieved with the 1 hour HT at any at any 
temperature reported here. temperature reported here. 
Recrystallization Recrystallization waswas active at 800active at 800ººCC
316 316 provedproved toto be be lessless sensitivesensitive toto DIM DIM thanthan 304 304 



Introduction

Material characterization

Basic work: 

Corrosion of Zr-base alloys

Eddy currents testing: probe design

Modelling

Steels

Evaluation of damage

Review of literature on Zr hydrides

International projects:

IAEA – CRP

NIRDTP

IZFP



CommentsComments onon thethe stabilitystability ofof zirconiumzirconium hydridehydride phasesphases in in ZircaloyZircaloy
L. L. LanzaniLanzani, M. , M. RuchRuch

Journal Journal ofof Nuclear Nuclear MaterialsMaterials 324 (2004) 165324 (2004) 165––176176

Autoclave treated Zircaloy-4 specimens were submitted
to different XRD experiments for a period of about 3 

years, in order ro study the stability of the hydride phases.  

A thorough review of the literature about hydride phases
in pure Zirconium and Zirconium-base alloys was made.

In our Zircaloy-4 specimens, only delta-hydride was
observed.

Conditions for the formation of gamma-hydride in high
purity Zr and alloys with beta stabilizers is discussed in 

the paper. Here only the conclusions are presented,



CommentsComments onon thethe stabilitystability ofof zirconiumzirconium hydridehydride phasesphases in in ZircaloyZircaloy
L. L. LanzaniLanzani, M. , M. RuchRuch

Journal Journal ofof Nuclear Nuclear MaterialsMaterials 324 (2004) 165324 (2004) 165––176176

OnlyOnly deltadelta--hydridehydride isis detecteddetected by XRD by XRD afterafter autoclave autoclave hydridinghydriding ZircaloyZircaloy--4 4 
at 340at 340ººCC in in LiOHLiOH forfor CCHH > 100 > 100 wtwt ppmppm. . ChemicalChemical etchingetching waswas avoidedavoided
throughoutthroughout..
WithinWithin thethe detectiondetection limitlimit ofof XRD, XRD, nonenone ofof thethe characteristiccharacteristic diffractiondiffraction
peakspeaks ofof thethe gammagamma--hydridehydride werewere observedobserved eithereither afterafter autoclavingautoclaving oror
afterafter agingaging at 148at 148ººCC andand RT.RT.
TheThe literatureliterature shows experimental shows experimental evidenceevidence thatthat gammagamma--hydridehydride isis anan
equilibriumequilibrium phasephase in in highhigh puritypurity zirconiumzirconium, , whilewhile in in lessless purepure zirconiumzirconium andand
alphaalpha--zirconiumzirconium alloysalloys, gamma, gamma--hydridehydride isis a a metastablemetastable phasephase..
TheThe presencepresence ofof alphaalpha--stabilizersstabilizers favorsfavors thethe growthgrowth ofof deltadelta--hydridehydride
((hardeninghardening effectseffects).).
Nuclear grade Nuclear grade ZircaloyZircaloy--4 4 shouldshould containcontain principallyprincipally deltadelta--hydridehydride as a as a 
stablestable phasephase..
TheThe anomaliesanomalies in in thethe dynamicdynamic studiesstudies in Zrin Zr––2.5%Nb 2.5%Nb mightmight be be relatedrelated toto
similar similar effectseffects reportedreported in in highhigh puritypurity zirconiumzirconium..
A A studystudy ofof thethe ternaryternary systemsystem ZrZr––NbNb––HH mightmight helphelp in in thethe analysisanalysis ofof thethe
stabilitystability ofof hydridehydride phasesphases in in zirconiumzirconium––niobiumniobium alloysalloys..
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PressurePressure TubesTubes Blister Blister 
DetectionDetection by NDTby NDT

G. G. DomizziDomizzi, A. , A. GarcGarcííaa, M. , M. RuchRuch, C. , C. 
DesimoneDesimone, J. , J. FavaFava, C. , C. BelincoBelinco

Comisión Nacional de Energía Atómica
Argentina

IV Conferencia Panamericana de END  
Buenos Aires – Octubre 2007



IV PANNDT  - Pressure Tubes 
Blister Detection by NDT

IAEA Co-ordinated Research Project
Argentina - Canada - India- - Korea - Romania

OBJECTIVE:
to assess the capability of different 
destructive and non destructive
techniques to measure (H&D) 
concentration and to characterize 
hydride blisters in pressure tube 
material



IV PANNDT  - Pressure Tubes 
Blister Detection by NDT

Specimens and Techniques for 
evaluation of  Hydrogen content

150 specimens with H content ranging from 20 to 100 wt-
ppm were prepared for the 5 partner countries and the 
different assessment techniques:

Inert Gas Fusion (IGF),

Hot Vacuum Extraction Mass Spectrometry (HVEMS),  

Ultrasound (UT) 

Eddy Currents (ET)

Differential Scanning Calorimetry (DSC)

Differential Thermal Analysis ( DTA) 

Resistivity



ZrZr--2.5 Nb 2.5 Nb waswas hydridedhydrided by by 
cathodiccathodic chargecharge

CleanClean fastfast methodmethod. . 
ConditionsConditions are are differentdifferent fromfrom in pile in pile corrosioncorrosion. . 
No oxide No oxide isis formedformed in in thethe processprocess. . 
A A hydridehydride layerlayer isis formedformed: : diffusiondiffusion HT are HT are necessarynecessary. . 
KineticsKinetics ofof hydridinghydriding determineddetermined by by temperaturetemperature ofof thethe
processprocess..
HydridesHydrides in in specimensspecimens forfor NDT NDT andand thethe constructionconstruction ofof
calorimetriccalorimetric curve curve ofof terminal terminal solidsolid solutionsolution (TSS) (TSS) mustmust
havehave thethe samesame distributiondistribution as as thosethose formedformed duringduring inin--pile pile 
corrosioncorrosion at 340at 340ººCC
HydridesHydrides in in specimensspecimens forfor extractionextraction techniquestechniques may may 
havehave anyany distributiondistribution. (. (HigherHigher temperaturestemperatures allowedallowed))
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a b

Charging in alpha+beta Charging in alpha

transversal
radial

Hydride distribution

Suitable for NDT and TSS 
(terminal solid solubilty) 
curve determination

Zirconium hydrides in Zr-2.5Nb



Hydride blisters in ZrHydride blisters in Zr--2.5Nb2.5Nb
C2 
a

C2 
b

Fig. 3.3.10.4. PC amplitude image ofFig. 3.3.10.4. PC amplitude image of
the blister the blister C2C2--bb



IV PANNDT  - Pressure Tubes 
Blister Detection by NDT

Eddy currents X(T) Y(t) signals for blister a in C2.



IV PANNDT  - Pressure Tubes 
Blister Detection by NDT

CONCLUSIONSCONCLUSIONS
•In the framework of an IAEA co-ordinated research Program 
an important effort was made to produce standards for 
hydrogen concentration measurement and to inter-compare 
different techniques usually applied to construct terminal 
solid solubility curves
•The hydride dissolution temperatures measured agree better 
with the Td calculated from the SST curves reported by Pan et 
all, McMinn, Slattery and Jovanovic than with that from 
Kearns.
•Blisters were formed on PT sections in order to assess the 
detection sensitivity of different ND techniques.
•Blister detection was accomplished with UT from the inside 
of PT and with Eddy Current from the outside of PT. Further 
work with EC is necessary for detection from the inside
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ObjetivesObjetives

ToTo characterizecharacterize laserlaser hardenedhardened steelsteel
specimensspecimens usingusing differentdifferent techniquestechniques
ToTo studystudy thethe performance performance ofof 3MA in 3MA in thethe
assessmentassessment ofof residual residual stressesstresses
MaterialsMaterials: : StructuralStructural steelssteels C45 (1045); C45 (1045); 
50CrMo450CrMo4 (AISI 4150); (AISI 4150); 42CrMo442CrMo4 (AISI (AISI 
4140 4140 oror 4142)4142)



Characterization tests performed at IZFP (G. Cosarinsky, M. Kopp, M. Rabung, G. 
Seiler, M. Sheikh‐Amiri, C. Boller)

1. 3MA KK6 Micromagnetic Multiparametric Analysis of Microstructure and
Stresses, with VGB probe, at a magnetization frequency of 150 Hz; 

1.1. MagAmp scans to find optimal test conditions.

1.2. Scans on the samples. Automatic positioning. MagAmp 30 and 80 Amp/cm;  
magnetization frequency = 150 Hz

2. Hardness measurements with Krautkrämer TIV (Through Indenter Viewing)

3. Point probe measurements
63

Characterization tests performed at CNEA (G. Cosarinsky, A. Petragalli, D. Vega, 
G. Seiler, M. Sheikh‐Amiri, M. Ruch)

1. X‐Ray difraction: crystal structure, phases present, residual stresses
2. Metalography
3. Optical and scanning electron microscopy 



LaserLaser hardeninghardening

A A surfacesurface engineeringengineering techniquetechnique, , whichwhich uses a uses a focusedfocused energyenergy
beambeam toto produce a produce a controlledcontrolled localizedlocalized heatingheating followedfollowed by by selfself--
quenchingquenching..
SurfaceSurface hardeninghardening isis achievedachieved throughthrough a a martensiticmartensitic transformationtransformation
downdown toto a a limitedlimited depthdepth, , withoutwithout affectingaffecting allall thethe thicknessthickness ofof thethe
piecepiece..
LaserLaser hardeninghardening improvesimproves wearwear resistanceresistance
VeryVery short short thermalthermal cyclecycle: : resultingresulting microstructuresmicrostructures in in thethe laserlaser
treatedtreated zonezone can can differdiffer considerablyconsiderably fromfrom thosethose obtainedobtained by by 
traditionaltraditional heatheat treatmentstreatments.  .  



Laser hardened samples
Materials: C45, 50CrMo4, 42CrMo4, 34CrMo4, 25CrMo4
Each sample has a hardened strip, with different values of laser temperature 
and laser speed

50CrMo4 temp
speed 0.2 0.3 0.5 0.7

1000 17
1100 1 2 3 4
1200 5 6 7
1300 9
1400 13
1420 15

42CrMo4 temp
speed 0.3 0.7 1 2

1000 1003 1007 11
1100 no number 1107‐22 1110‐22 1120
1200 61 1210
1300 1303 1307

C45 temp
speed 0.3 0.5

1000 8,3 8,4
1050 7,3 7,4
1100 6,3 6,4
1150 5,3 5,4
1200 4,3 4,4

― x ray sample, not scanned
temp (°C)
speed (m/min)

LI = lowest intensity
HI = highest intensity

Numbers in the cells are 
sample names
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SEM - C45 – sample 44 – 1200 ºC – 5 dm/min

LHZ

HAZ. Fine 
martensite. 
Ferrite

Base material. 
Pearlite. Ferrite.

HAZ-Ferrite. 
Martensite

Martensite. 
Retained austenite

Martensite needles



XX--rayray diffractiondiffraction ofof SampleSample 44 44 –– 12001200ooC C –– 5 5 
dm/dm/minmin polishedpolished. . ComparisonComparison ofof base metal base metal andand

laserlaser hardenedhardened zonezone



SCANS with 3MA

The scans were made with two 
MagAmp values: 30 A/cm and 80 A/cm

The scan direction is perpendicular to 
the hardened strip

Resolution: 4 pixels/mm
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BarkhausenBarkhausen noisenoise experimentsexperiments
AlthoughAlthough manymany parametersparameters ofof thethe magneticmagnetic behaviourbehaviour ofof thethe
samplessamples werewere recordedrecorded in in thethe experimentsexperiments, , wewe are are presentingpresenting onlyonly
twotwo characteristiccharacteristic parametersparameters ofof BarkhausenBarkhausen noisenoise signalssignals: : MMmaxmax
andand HHcmcm, , 
MMmaxmax thethe maximummaximum amplitudeamplitude ofof thethe BarkhausenBarkhausen signalsignal
HHcmcm thethe tangentialtangential componentcomponent ofof thethe appliedapplied magneticmagnetic fieldfield at at MMmaxmax. . 

TypicalTypical behaviourbehaviour ofof thesethese parametersparameters in in stressedstressed materialsmaterials: : 

Low Low MMmaxmax valuesvalues are are measuredmeasured in in materialsmaterials underunder compressivecompressive
stressesstresses..
HighHigh MMmaxmax valuesvalues are are measuredmeasured in in materialsmaterials underunder tensiletensile stressesstresses..

HHcmcm valuesvalues show show thethe oppositeopposite effecteffect::
HighHigh HHcmcm : : compressivecompressive stressesstresses
Low Low HHcmcm : : tensiletensile stressesstresses
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Maximum amplitude of
Barkhausen noise Mmax [V] vs
position on the sample. Ttreat
in [ºC], v in [dm/min].

Vtreat = 3 dm/min

Vtreat = 5 dm/min

C45 steel samples



ConclusionsConclusions
TheThe localizedlocalized hardeninghardening in in thethe laserlaser treatedtreated steelsteel samplessamples isis thethe
consequenceconsequence ofof phasephase transformationstransformations: : austenizationaustenization followedfollowed by by 
selfself--quenchingquenching. . 
TheThe phasesphases are are proeutectoidproeutectoid ferriteferrite andand pearlitepearlite oror bainitebainite in in thethe
base material, base material, martensitemartensite andand smallsmall amountsamounts ofof retainedretained austeniteaustenite in in 
thethe LHZ, a mixture LHZ, a mixture ofof ferriteferrite andand martensitemartensite in in thethe HAZ.HAZ.
By XBy X--rayray diffractiondiffraction, , tensiletensile residual residual stressesstresses wherewhere determineddetermined in in 
thethe HAZ HAZ andand compressivecompressive residual residual stressesstresses in in thethe LHZ LHZ andand thethe BM. BM. 
TheThe positionspositions ofof thethe HAZ HAZ andand thethe LHZ LHZ werewere clearlyclearly detecteddetected in in thethe
micromagneticmicromagnetic experimentsexperiments withwith 3MA3MA--II.II.
MoreoverMoreover, in , in thethe C45 C45 steelssteels, , samplessamples treatedtreated at at differentdifferent
temperaturestemperatures andand speedsspeeds couldcould be be classifiedclassified. . 
PointPoint--probeprobe experimentsexperiments: : apparentlyapparently P7 P7 isis more more sensitivesensitive thanthan dtdt toto
thethe material material propertiesproperties underunder studystudy
GoodGood agreementagreement isis observedobserved amongamong thethe resultsresults fromfrom thethe differentdifferent
techniquestechniques studiedstudied herehere. . 
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