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Japan

Abstract: Magnetic Incremental Permeability (MIP) being highly stress dependent proves to
be very effective to evaluate materials non-destructively. In this article, modelling technique
based on Jiles-Atherton model has been proposed to simulate the signature MIP butterfly loop
for the 12 Cr-Mo-V-W creep test samples. Jiles-Atherton parameters imply physical
interpretations. From these butterfly loops, a physical relation, based on the values of the J-
A’s parameters, with the microstructure such as precipitations, dislocations, Kernel Average
Misorientation (KAM) has been investigated with experimental as well as simulation

validations. It is especially observed that J-A’'s parameters are well correlated to the

precipitation quantity and KAM.

Keywords. Magnetic incremental permeability, JilesAtherton model, creep, micro

magnetic non-destructive testing.
1. Introduction

Creep damage occurs in metallic parts due to continuous exposure to very high temperatures
and stress. It is a time-dependent phenomenon which may lead to a creep failure [1].

Similarly, residual stresses occur in the metallic parts due to industrial machining and the
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prolonged heat treatments. Consequently, thesduasstresses also lead to the part failures
resulting to the safety issues. Hence, non-destmidesting techniques are required to
monitor the continuous degradation of the materidisgnetic inspection methods being easy
to implement have found a major application anckriedt in the NDT [1][2]. Magnetic
incremental permeability (MIP) being very highdyress and microstructudependent is a
very interesting method to monitor such phenomegsmperimental methods to address these
issues have been proposed [2], and require fuirtkiestigations to propose relevant standards
due to the diversity of experimental setupsch standards are missin@lternatively, an
attractive solution would be to propose simulatiechniques to model MIP signature curves
(becoming independent from experimental setup) &mdderive from it the physical
interpretations about thenicrostructure propertiesuch as the carbide precipitations,

dislocations etc.

Many investigations around 3D ferromagnetic modatsl their incremental permeability
simulation mainly focus on coupling Space Discugian Techniques (SDT), Finite Elements
Method (FEM) or Finite Differences Method (FDM) ertled with accurate scalar or vector,
dynamic or static hysteresis material law [3][4¢r Bhis magnetic material law, it seems that
the best results come from the extension of theiegtatic hysteresis model (Preisach model
[5], Jiles-Atherton model [6]) to dynamic behavioas a result of the separation losses
techniques as proposed by Bertotti [7]. In thischt a simulation method based on Jiles-
Atherton (J-A) model is proposed. J-A model focusests 5 parameters which are related to
the physical behaviour of the materials [6]. Irsthiudy, simulations are based on the material
investigated which is high chromium creep test damm this study (12 Cr-Mo-W-V) with
different temperature, stress levels and ruptunedi High chromium steel is chosen for this
study as a result of industrial requirement by rifedr power plants and requiring more

*Corresponding author.
E-mail address: benjamin.ducharne@insa-lyon.fr (Benjamin Ducharne)

2



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

investigations compared to low alloy steels [1].dAibnally, creep is a very complex
phenomenon to understand, and hence this work ist@mpt to understand the creep

phenomenon through its effect on magnetic progeertie

When a ferromagnetic material is exposed tauasi-static magnetic field, for a fixed
operating point in the hysteresis curvthe reversible permeability measurechen
superimposinga small alternative magnetic field is defined he tmagnetic incremental
permeability [8],

Mathematically, magnetic incremental permeabifitycan be defined as [9]

1 AB
=— = 1
Ha 11, AH (1)

whereug is the permeability of vacuumB is theresultingmagnetic flux densitywhenAH is

the incrementaliriving smallmagnetic field.

By measuring the minor loop magnetic flux densityinlg the process of magnetizatidnlP

is calculated as inclination of the minor loofAs the microstructure of a ferromagnetic
material,directly influencing the magnetic domain strucfuseeasily affected by mechanical
damage such as plastic deformation and fatigue geymdIP method is considered as a
potential NDT technique to evaluatiee microstructure changing phenomena as well @s th
induced residual stre§8]. Hence, modelling becomes even more importaninderstand the
behaviour of the material at a deeper level, thereducing the experimental efforts and the
complicated experimental set-ups.

In the second section, the basics of MIP are ddffodowed by the experimental conditions
and procedure. In section 3, the theory of the misdefined in details and how this model is
adapted to our samples is demonstrated. Finallghénsection 4, results are discussed in

correlation to the microstructure.

*Corresponding author.
E-mail address: benjamin.ducharne@insa-lyon.fr (Benjamin Ducharne)

3



78

79

80
81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

2. Experimental procedure
2.1. Experimental set-up

In order to model the MIP curve, there are certakperimental conditions which are
considered. MIP is a phenomenon that exists whéigla frequency alternating magnetic
field is superimposed on to @uasi-staticmagnetic field. In the experimental set-up, a
sinusoidal alternating magnetic fie{d.1 Hz)is applied using a U-shaped electromagnet to
the test specimen with an amplitude ofAfn. A transmitter-receiver (T-R) type coil is used
to supply a high frequency magnetic figld0 KHz) to superimpose on thguasi-static
magnetic field. The pick-up colil (receiver, lowasilcin Fig. 1) is fed to a digital lock —in
amplifier (NF LI 5496) whose outpuirovides the complex values (real/imaginary part or
amplitude/phase) of the induced voltag®r the data acquisition LabVIEW™ is used. The
absolute value of the voltage is proportional te thagnetic incremental permeability in the
material. When this output voltage is plotted aghthe appliedjuasi-statianagnetic field H
(the output of the Hall sensor is amplified antefiéd with a 30 Hz cut off frequency low pass
filter in order to reduce the surrounding nojsit)results in the typical butterfly loops as
shown in Fig.1 below. The schematic of the expenitaleset-up is illustrated in Fig.1. It has
to be noted that experimentally, the output voltafj¢he lock-in amplifier is used for MIP
curves but from the modelling point of view, we adate incremental permeability from
experimentakime dependent voltagef the measurement cotkince we measure electrical
signals but simulate magnetic properties hencenla rinust be established between these

physical quantities (section 4.3).
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Figure 1: Experimental set-up

2.2. Samplesdescription

12 Cr-Mo-W-V high chromium steel in this study ised in thermal power plants (Fig. 2).
The schematic of the raw sample is shown on the ggle of Fig. 2. It is a rod like specimen
from which the grip part at the edges is cut aftex creep test. Finally, the surface is
machined as shown in the left part of the Fig.The samples were cut in this shape so as to
make the measurements convenient according to é¢heus The magnetic incremental
permeability measurement method is applied to cosepage evaluation of high chromium
steel (12Cr-Mo-W-V steel) and the possibility ofaation is investigated in this study2%
Cr-Mo- W-V Steel is one of the representative masiigc stainless steels, that is majorly used

for high temperature materials application in steard gas turbines, and boilers. The general
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composition of this alloy can be referred in [Il8bwever, in this case, the percentage of each

composition may vary a little bit but the magndtehaviour will not change significantly.

Specimen for creep test <

Sensor Spacers Sample

Figure 2: Samples with the sensor probe used

Table 1 shows the different samples which are studn this article with three major
categories. Sample 0 is a virgin sample with no atgemor treatment. Sample 1, 2 and 3 fall
under the category of same temperature treatmebb®@fC and same mechanical treatment
of stress level of 343 MPa. These are further aatbgorized on the basis of their times when
they were under test. Sample 3 which has a rupine of 2205.7 hours implying that after
2205.7 hours under test, this sample got rupturéd. second category of samples is with a
mechanical stress level of 201 MPa and temperateagment of 600°C. The third category is
with the mechanical stress level of 98 MPa andhgrature treatment of 650°. In Table 1,
the last column is Larson Miller Parameter (LMPhieh is derived from a formula for

evaluation of creep [11].
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LMP =T(C+log t), (2)
Where, Cis a material specific constant, often approximated as 20, t is the time in hours and

T is the temperature in Kelvins.

Table 1: High chromium steel samples with varied treatments

Sample Stress Temp Test time LMP*

number [MPa] [°C] [h]
0 0 0 0.0 0.0
1 343 550 281.8 18479
2 343 550 785.6 18846
3 343 550 2205.7 19215
4 201 600 255.6 19565
5 201 600 763.9 19980
6 201 600 1725.9 20289
7 98 650 256.3 20686
8 98 650 789.6 21137
9 98 650 1736.8 21453

*Larson Miller Parameter

As we know that after rupture, high plastic defotiorg necking of geometry and even micro
porosity can be observed close to the ruptured, &ace to make sure that all our samples
are investigated in the same conditions, all thetstdhave been performed far from the

ruptured area.

2.3.  Electron Backscatter diffraction and Scanning Electron Microscopy Analysis
In this section, the microstructural analysis ha&erb illustrated with Scanning Electron
Microscopy (SEM) imaging technique followed by tli#ectron backscatter diffraction
(EBSD) observationEBSD data was analysed using OIM software. UsinggEBKernel
Average Misorientation (KAM) data are obtained. TK&M is the average misorientation
angle of a given point with all its neighbours [1¥Yhen a crystalline material undergoes

plastic deformation, the crystalline lattice becemeearranged to compensate for the
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geometric changes in the materiithe samples are prepared by tlenbination of sawing
and cutting to prepare small specimens which aes timechanically polished to ensure
smooth-flat surfaces, while reducing mechanical aigen The ultimate polishing powder is
used at #8,000. Ar-ion milling method is used tmoge any strain hardening at a preliminary
mechanical preparation. The Ar-ion beams are ditcetdbwards the sample surface at lower
angle (3-4 degree). This procedure is explainediwehe previous version of this article [13]
along with the interpretations of the SEM as welEBBSD imagesStandard procedures could
also be referred in [14] [15]. The statistical as&d of the microstructure (Precipitation
Number & Average of Kernel Average Misorientationd. the magnetic parameters is
demonstrated in Fig.3-4.Fig. 5 shows a typical MIP curve and some of theapeters

highlighted that can be derived from the magnative.
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3. Theory and Modeling
3.1. Lump modd

In this part of the article, a mathematical modatdd on physical properties is proposed to
simulate the material behavior under magnetic meral permeability (MIP) situation. In a
comprehensive approach, a full 3D magnetic modalecuired to take into account the
different axial components of the magnetic field wsll as being able to simulation
inhomogeneous field distribution. Alternatively,sanplifying assumption can be used to
focus on a scalar analytical model, assuming Bracdllinear.

4
H.l'-\f.
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Figure 5 — lllustration of the vector magnetic field distribution.

In the classic MIP set-up, both excitation conttidmis areperpendiculavector quantities but
the quasi-static excitation fielshaximumamplitude is typically 1000 times higher than the

AC one. Consequently in the scanned area the wireof the vector cumulative excitation

field H (HDC+H—AC> contribution) remainsalmost constantduring a large proportion of the

guasi-static magnetization proces&ccording to this observation and to simplify the

simulation schemetheH vector is then assumed collinear to the inducliane. Based on
this assumption, a scalapproachwith accuratescalar hysteretic material lasw considered
for the simulation of the material magnetic behavie addition, working with a low enough
Hpc frequencythe induced magnetization behavior is homogeneaotise material under test
The dynamic excitation k&t is concentrated on the vicinity of the measurenoeils and in
the surface of the sample. As it is of very smalpétude, it is assumed the permeability is
constant, so that the measured voltage amplitudaires proportional to the permeability.

The AC magnetic field amplitude is extremely weakl &ven at 50 kHz, the local excitation
slopedH/dt due to the AC field is assumed to be lower thantaximum of dH/dt observed
below the quasi static thresholdonsequently, no dynamic contribution will be taketo
account in our simulation. This assumption is \atkdl by experimentally by increasing the
AC frequency and observing no significant variasiam the resulting MIP curve.

In this study, we focus on simulating the variasiasf the permeability modulus versus the
magnetic excitation field (MIP signature curve).dfnamic contribution during the minor
loop situations would affect the phase shift betwBeand H as it is explained [A6]- [18]
but would have very less influence on the perméglmiiodulus (1P signa).

Consequently, no dynamic contributions are coneién the simulations. If the objective is
to simulate the butterfly loofu|(H), then a quasi-static contribution is enough toieah
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good simulation result. For this quasi-static ciiion, there are two options: Firstly, a
modified Jiles-Atherton model [6][19]-[21], wher&et accommodation issue (i.e. it takes
many cycles for a minor hysteresis loop to stab)lis solved by considering the AC field
amplitude sufficiently weak to ignore hysteresising the minor loop situation. Secondly, a
modified “appliedH dependent” type model, such as the Preisach nigdet the dry friction
model [22] can be considered. Such models are congruent, wihieans that when a
ferromagnetic sample is cycled between two magmsdiitation levels, the size and shape of
the resulting minor remanence loop predicted da¢slepend upon the magnetic state of the
system. This phenomenon leading to a butterfly llimged to a single anhysteretic curve is
solved by considerinddess = H(t)+a.B(t) instead ofH as input of the modeHc is the
effective field whereas: is a proportionality constant between the averBgie and the
magnetization. These two approaches are bothamievn our work, the modified Jiles-
Atherton model was chosen for its limited number pErameters and their physical

interpretation.

3.2. ThelJdiles-Atherton mode€

3.2.1. Introduction and classic use of the Jiles-Atherton model

Below a threshold frequency, the cumulative pedodalue of the ferromagnetic losses

becomes frequency-independent. This particular\behs called the quasi-static state.
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The J-A model is based on the consideration ofdamributions — the domain walls bending
and the domain wall translations. It should be dotieat the J-A model exhibits some

particularly interesting features as follows.

* The required memory allocation is less.

» Its status can be completely described by only fiaameters.

 The five parameters are related to the microstrattproperty, which allows a
physical interpretation of the J-A model.

* The J-A model is easily reversible and relativedgyeto switch fromH to B as the

input for the quasi-static hysteresis model.

In the first version of the scalar J-A model forréenagnetic materials, thetal magnetization
M is decomposed into its reversibM,§,) and irreversibleN;) contribution. From a physical
point of view M, is associated to the magnetic domains rotation Mpdto the wall

displacements.

M :Mrev+Mirr (3)
The anhysteretic magnetizatibh,,, can be described by the Langevin equaltii:

H
M, =M {coth( aej_Hi} 4)

e

or using a hyperbolic function:

M, .,=M Stanh( Zej (5)

In both equations (4) and (Wann is the anhysteretic magnetizatidiy is the effective field,
Ms is the saturation magnetization aads theanhysteretic magnetization shape parameter
According to J-A theorya = kg.T / uo.m in which kg is Boltzmann’s constant, T is the

temperature, and m is the magnetic moment of @aypliomain.
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H.=H +a.M (6)

Here,H is the applied excitation field (tangent to sargkurface),M the average sample
magnetization and, a mean field parameter related to the inter doneaupling §ee J-A
theory [6][19]-[21). The anhysteretic, the irreversible and reveesibhgnetization are linked

in equation (7):

Mrev:C(Man_Mirr) (7)
c is a proportionality coefficient. It can be det@med using the experimental results by
calculating the ratio of the initial differentiabsceptibilities of the first and anhysteretic

magnetization curve$][19]-[21].
The derivative of irreversible magnetization witfeetive field is given by

dM, _ M,, - M

an

dH, ko ®

The coefficientk is the pinning parameteaccording to the J-A’s theory it quantifies the
average energy required to break pinning site énntlagnetic materiaando is a directional
parameter which ensures that energy is alwaysHostigh dissipatiof6][19]-[21].

{5=+1 if dH /dt=0

S=-1 if dH /dt<0 ©)

Combining the equations above, the main equatidheof-A model can be written as:

dM. dM
1_C irr +C anh
dM _ (1-c) dHe dHe (10)
dH 1—a(1—c)dM‘”—achanh
dHe dHe

The differential equation (10) allows to calcul#éte variations of the magnetizatidm with
respect toH variations.However, for some applications B imposed quasiestaiodel are
required Ref. [24][25] details the inverse version of the J-A model tog ferromagnetic
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materials, i.e. where the model input is the magagon B. The physical principles of the
model are very similar and the main equation of timverse model for ferromagnetic

materials becomes:

dM,, ¢ dM

(1_C) i + anh
dM _ dB, u, dH, 1)
dB dM, dMm_,
1+ pu,(1-a)l-c ——-c(l-a )~
Ho(A-a)A-c) fpr —cl-a )
With
dM ir_ — Manh B M irr (12)
dB, U, ko
And
B. = #o-H, (13)

Be is the effective magnetic flux density.

3.2.2. Themodified Jiles-Atherton modd for the ssimulation of MIP
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Under minor loops situation, the classic J-A mqaielsents a slow accommodation time, i.e.
the magnetization trajectory between the turninggoof a minor loop will not be closed at

the end of its excursion (Fig. 6).
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Figure 6 — lllustration of the accommodation issue with the J-A model under unsymmetrical excitation H.

It might be assumed that this is just a transidrdsp and by exciting the ferromagnetic
material with a large number of periods, a steadjeswill be reached (Fig. 7). This is the
case but the steady state reached is bhigependent and not on the magnetization state.
Consequently, the butterfly loop, evolution of tpermeability modulugu| versusH
(signature of the MIP characterization) is justarhysteretic curve (Fig. 8), far from the

experimental observation.
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Figure 7 — lllustration for the transient phase under minor loop situation with the J-A model.
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Figure 8 — lllustration for the transient phase under minor loop situation with the J-A model.
To solve this accommodation issm|JH,1c| is assumed to be sufficiently weak and by ignoring

the hysteretic behavior during the minor loop gitra Minor cycles are then treated as a

single slopd26][27] (Fig. 9).
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Figure 9 — lllustration for the single slope consideration under minor loops situation.

The|u| versusH butterfly loop obtained is then very similar to #gerimental one and the 5

J-A parameters can be used as degree of freedtita simulation process.

3.3. Magnetic and electric quantitiesinterdependence
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The experimental setup provides time variationdath the excitation fieldH(t) and the
sensor secondary coil voltag¢t). The numerical simulation as described previoaaly only
provide the times variations of magnetic quantitiks the excitation fieldH(t), the magnetic
field B(t) and the permeability(t). To validate the model by comparing it to the expental

results, a link between the electrical and the retigmuantities must be assigned.

A reluctance/impedance lump-type model typograpdsy theen used to link both the electrical
and magnetic quantities. Both magnetic and air tyglectances are necessary for the
simulation of the inductance. Assuming the air c&ace as highly superior to the magnetic
one and reducing the equations according to thigjadion can be established between the
time variations of both the real and imaginary médithe complex permeability and the sensor

voltage as:
V* = JA + A (-t + i) (14)

Here A1, A,, are constants depending on the geometry andeonature of the material. It is
worth noticing that the real part of the voltagdimked to imaginary part of the permeability
and reciprocally the imaginary part to the voltagal part. These constants are obtained by
comparisons simulations/measures using experimessalts performed on a virgin sample
as it is considered our reference sampgbnce set, they are conserved for all others
simulations results

3.4. Optimization of the model parameters
To converge with our simulation, a total of 7 paesens must be determined. Ms,0a,k, c,
and the magnetic/electric parametéssA, are obtained by comparing simulations with virgin
sample experimental results. Once these paranmaterset, they will be conserved for all the

samples tested. For the J-A model parametersirdtestep consists of calculating the average
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404

405

value H"¢ of H™ andH®*¢ for every givenB; of every sample’s major hysteresis cycle

B(H):

H iinC(Bi ) + HideC( a )
2

H™(B)) = (15)

WhereH™/H‘stands for the H value read on the increasing/dsirg part of the major
hysteresis cycleThe H*"®(B;) curve obtained can be considered as relativesedo the real
anhysteretic curveMg and a, the J-A anhysteretic parameters are calculateéttryg this
curve to the simulated one using Matlab™ curvenfittoolbox.It is worth noticing that first
optimized relatively correct simulation results bBakieen obtained with extremely weak
variations of both Mand a, the anhysteretic parameters. In the finpfcgeh both these
coefficients are set and the optimization process focuses on the remaining 3 parameters.

All the constant parameters used for the simulati@endisplayed Table 2.

Table 2: Simulation constant parameter values

a(A/m) Mg(A/m) M A

10020 2.00E+06 12.9 0.0453

Finally, comparisons simulation / experimental Miterfly loops are used for the calculus
of the 3 remaining coefficients. A dedicated eramction is proposed for the calculus of
these coefficients. The 3 parameter& and c are set when their combination minimires

error function:

dH/dt>0, HO[H,,, H

max]

. ex sim 6
Error :Zabs(|,u|i "(H) =4, (Hi)) (16)
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Here |£*° is the experimental modulus derived from the voltage using Eq. (14) and{l

the simulated one

Results and discussion

Fig. 10 shows below a comparison of the experimi@ata of the samples with the simulated

ones(V is the modulus of the voltage coil (Eq. 14))The modeled MIP curves show a

relatively good agreement with the experimentabdatall differences can be observed in

the coercivity region) The parameters derived from this process of dpétion are then

evaluated against the microstructure of the mdtdaainstance, with number of precipitates

and the average of KAM. Fig. 12 and Fig. 13 showeaaluation of the derived J-A’s

parameters against the precipitation number andvwbeage of KAM.

Sample 1 »=0.0103 k=4500 c=0.32

Sample 2 =0.0101 k=4100 c=0.3

Sample 3 o=0.0111 k=4800 ¢=0.26

Sample 4 ¢=0.0103 k=3300 c=0.3 Sample 5 =0.0102 k=3700 c=0.31
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Figure 10: Experimental and simulated MIP curves

4.1. Evolution of the Jiles-Atherton(J-A) parameters versus microstructure

4.1.1. J-A parameters vs. Number of Precipitates

Fig.11 show a typical image of microstructural gsel done by Scanning Electron

Microscopy (left) and Kernel Average Misorientati@right) (which can be given by Electron
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Backscattering Diffraction) along with the IPF mijat shows the orientation of the crystals.
The regions with bright-contrast in the left imagerespond to the precipitates on the sample
surface. The figure shows the number of grainkright-contrast per unit area (/MimFor

the right image in Fig 11, the value of the KAM Aage is calculated from the arithmetic
mean associated with the log normal distributionKéfM. It is estimated that almost all
precipitates consist of Cr-Mo carbides. Althougle thature of precipitates varies, our
procedure (Ar-ion milling / low-acceleration SEMyudd detect all precipitates. These data
from microstructure are interpreted and also cateel to the mechanical and the magnetic

parameters of these samples in the previously g edition of this paper [13].
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Figure 11: Microstructural Analysis images; SEM(left), KAM(right), IPF orientation map (bottom left) displaying the microstructure
of 550 °C ruptured sample

Fig.

12(a) below shows the evolution of three J-A partanseversus the microstructure of the
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465

material. Fig. 12(a) demonstrates the evolution @fhich physically represents the inter
domain coupling in the magnetic material. For ins& in the microstructural analysis
(Fig.3), there are a number of precipitates whageis very small (550°C), which means
that the area of interaction between the domainsiriger and consequently the inter
domain coupling which is exactly the case in Fig(a). However, on the other hand, the
size of the precipitates for 650°C is very largeicihdecreases the area of interaction
between the domains and hence the inter domainlioguplt has to be noted that when
we discuss about the precipitations per unit dtga,effect can be reversed too since, it
depends on the cumulative area of all precipit@ed sometimes, total area of the
precipitates combined can be less or more thamotéarea of the precipitates in 650°C
samples. In that case, the effect can be revecgethtterms of numerical value of alpha.
Similarly, it is the same case in terms of k versaumber of precipitates (12(b)). In the
following case, since the number of precipitated #re area combined is much higher in
550°C samples than 650°C samples, the energy sehtorbreak the pinning site in the
former category is higher too. This also implieattthe percentage of carbide content in
higher temperature treated samples, is much lothen the lower temperature treated
samples cumulatively. When it comes to magnetiensility, if the size of the crystals
is higher, and the dislocations are lesser, thgiral magnetic state of the materials can be
achieved after demagnetization. Alternatively, witlyger size of crystals and lesser
amount of carbide content, it is more difficultdreak the pinning site and hence it means

higher magnetic reversibility.

Higher the number of precipitates, higher is the
energy required to break the pinning site
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Figure 12: Evolution of J-A parameters vs. Number of Precipitates

4.1.2. J-A
Average

120

471

470
12(b)
471

parameters vs. Average
Misorientation (KAM)

470
12(c)

of

Fig. 13 below shows the evolution of three J-A paters versus Average of KAM. Fig.

13(a) demonstrates the evolution of alpha whichsgajly represents the inter domain

coupling in the magnetic material. There are a nremad dislocations whose size is very

small, which means that the area of interactionwbeh the domains is higher and

consequently the average inter domain coupling.4Fig shown experimentally, that

KAM doesn’'t show a good co-relation against différenagnetic parameters except for

the 650°C samples. As it can be seen in the Figwhehe J-A parameters also vary more

in case of 650°C samples only. This is probably ttu¢he fact that the crystal size is

bigger and the dislocations are also lesser in eoisgn to other category of samples.

Higher the number of dislocations, higher is the
energy required to break the pinning site
5000

Average of KAM

f 038
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4.1.3. Pearson Correlation factor
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J-A model on fitting with experimental data, givascess to the different parameters. To

understand and validate the parameter, a correlasicchecked amongst these parameters
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506

against various microstructural parameters as showig. 14. In this study we use Pearson's
correlation coefficient which is defined as a measaf the strength of the association

between the two variables. Mathematically,

cov(X,)Y)

Pxy == o (17)

Where,cov is the covariances is the standard deviation of the variables (X,¥).the
following figure, different parameters are studiesing the data from MIP measurements.
Although not detailed in the experimental setug{Bgurves were determined experimentally
on each sample. Based on these measurements &fgiars were adjusted for each sample
as for MIP based experiments. The objective is @¢oable to assess Pearson correlation
coefficient both with MIP and B(H) curves (for B(ldyurves, the sample is magnetized at 0.1
Hz frequency with a magnitude of 10kA/m and theuicetl voltage is picked up by a pick-up
coil with 50 turns surrounding the sample) and teak the relevance of MIP based
determination of J-A parameters. It is worth naticithat the absolute value of correlation
factor in case of MIP measurements is close todlvéver, in case of B(H), the correlation is
good only in case ofi parameter. The possible reason is that the in Bfesurements, we
do not have information about the first magnet@aturve which directly relates to magnetic
reversibility coefficient, c. This also implies thahen B(H) measurement is taken, some
information about the samples is missing and MIBvigles more information about the
sample such as reversibility. In other words, atéwns of k and ¢ have limited influence of
the overall B(H) curve. On the contrary, MIP measoent explores the local permeability

with a bias magnetic field, and is therefore muarersensitive to all J-A parameters.
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Figure 14(a): Pearson correlation factor for Alpha vs. Microstructural parameters
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Figure 14(b): Pearson correlation factor for k vs. Microstructural parameters
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4. Conclusion

This work focused on a model based on Jiles-Athemiodel to understand more deeply the
creep phenomenon on high chromium steel used im#iepower plants. The model derives
three parameters which are investigated againstrilceostructure of the materials. It was
observed especially correlations between specifis pgarameters and the number of
precipitates (Person correlation coefficient of 2),8the Kernel Average Misorientation
(0.70), the hardness (0.70), and grain size (0.6Bgn the physical interpretation of the
microstructure is analyzed based on these parasndtee absolute value of these parameters
doesn't give information about the microstructute the tendency and the evolution of these
parameters give an idea of creep and degradatiameoimaterials. As a future work, to
support this understanding and interpretation, M#ignBarkhausen Noise tests should be
performed and the tendency of these parameters heillstudied in relation to MIP

measurements and microstructure information.
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