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Abstract:

Electromagnetic non-destructive controls are performed daily by steel manufacturers and steel
user companies. Many methods exist, including Eddy Current Testing (ECT), Magnetic Particle
Inspection (MPI), Magnetic Incremental Permeability (MIP), Magnetic Barkhausen noise (MBN)
... In this domain, progresses are constant, however there are limitations and accurate simulation
tools able to improve the methods efficiency are still expected. Most of steels are ferromagnetic
and characterized by a strong nonlinear hysteretic magnetic behavior. A precise taken into
account of hysteresis is mandatory in the development of useful simulation tools. The hysteresis
standard of characterization imposes restrictive conditions (geometrical, electrical ...) and most
of Non-Destructive Testing (NDT) industrial end-users face difficulties to obtain these inevitable
experimental results. In this manuscript, we describe an alternative method to adjust the
hysteresis simulation parameters based on experimental results coming from classic NDT
industrial equipment. The acquisition of a flat coil impedance in an ECT configuration and under
the superimposition of a quasi-static magnetic excitation (MPI equipment) is performed to plot
the tested specimen MIP signature. The Dodd & Deeds (D&D) analytical solution for an ECT flat
coil is used to return the corresponding permeability. An optimization process based on a
modified lJiles-Atherton (J-A) model is run to extract a suitable combination of hysteresis
parameters. Finally, the good comparison with an experimental B(H) characterization is worth as

a validation of the method.
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1 - Introduction:

Electromagnetic Non-Destructive Testing (ENDT) regroups a large set of methods based on the
electromagnetic signature of tested specimens [1]. The objective is to use these signatures as an
indirect way to evaluate a level of integrity.

Eddy Current Testing (ECT) is by far the most popular ENDT. Despite its relative simplicity, it
conveys a large amount of information. Different configurations of ECT have already been
described in the scientific literature:

_ The single coil method [2].

_ The Transmitter/Receiver (TR) probe method [3].

_ The differential probe method [4].

If the specimen is ferromagnetic, the superimposition of a slowly varying high amplitude
magnetic excitation to the ECT characterization enables the measurement of the Magnetic
Incremental Permeability (MIP) signature (the butterfly loop: incremental permeability plotted
as a function of the static magnetic excitation field leading typically to a butterfly shape). MIP is
interesting as it is a remarkable indicator of residual stresses and strains [5]-[7]. When ECT is
mostly used to detect surface macroscopic flaws (cracks, grinding burns ...), MIP is more adapted
to evaluate the mechanical sub-surface properties of tested specimens and their evolutions
(creep, structural health monitoring ...).

ENDT is daily used in the steel industry. Due to their high electrical conductivities, industrial steels
are well indicated for ECT method. Most of steel alloys are ferromagnetic. From the NDT point of
view, this property can be seen as an advantage, it opens access to a large panel of NDT methods

exclusive to the ferromagnetic materials (the magnetic Particle inspection (MPI) [8], the Magnetic



Barkhausen Noise (MBN) [9][10], the Harmonic Analysis (HA) [11] ...). The magnetic behavior of
ferromagnetic steels is depending on the micro-structure and on the mechanical internal
properties. The magnetic answer of a tested specimen under the influence of an external
magnetic stimuli constitutes an indirect way to evaluate these properties. In [12][13] authors
have demonstrated the viability of the magnetic methods for the observation of the ductile-
brittle transition temperature (DBTT) and the Vickers hardness of structural materials used for
nuclear reactor pressure vessels. But ferromagnetism is also strongly nonlinear. When it comes
to the interpretation of ENDT signals such nonlinear behavior constitutes an obstacle in the
development and the spread of ENDT methods.

The capability of ENDT is well admitted in the industrial field but progresses in this domain are
still highly expected. Among many options already tested to improve the efficiency of ENDT, the
development of simulation tools seems especially promising. By combining simulation results and
experimental data, the ENDT signals can be anticipated and used to prevent possible failures [14].
Different methods have been developed for the simulation of ENDT industrial situations. A space
discretization of the Maxwell equations is one solution [15], analytical approaches is another one
[16]. In most of the commercial simulation tools dedicated to ENDT, hysteresis is ignored and the
relation between the magnetic stimuli and the magnetic state is always taken into account
through linear relations. This restriction is clearly an issue, especially for the simulation of the
magnetic methods (MBN, MIP ...).

The absence of hysteresis in commercial simulation tools is due to multiple reasons, among

these:



_ the complexity of hysteresis and the complexity of hysteresis models. The combined
simultaneous resolution of the Maxwell equation and of a hysteresis model is most of the time
indirect and needs the use of dedicated techniques such as the fixed point or the Newton-
Raphson methods [17][18].

_ the difficulty of gathering reliable magnetic experimental characteristics, as required by the
hysteresis model settings.

Progresses have already been done concerning the simultaneous resolution. Strong formulations
coupling an hysteresis material law to the Maxwell equations resolution have been proposed and
seem to provide positive results [19][20]. In the same time, very few scientific research works
have been done to solve the problem of the experimental results acquisition.

In this manuscript, by coupling numerical tools, optimization parameter methods and
experimental results accessible from classic NDT equipment, we propose a technique able to
return the hysteresis simulation parameters. As a consequence, the geometry has no more
influence on the results, and the method is useful even on oversize specimens impossible to
characterize with the hysteresis characterization standard devices.

The first step of the method consisted in the acquisition of the MIP curve, evolution of the ECT
single coil impedance modulus variations as a function of a DC magnetic field excitation |Z|(H).
Standard ECT and MPI equipment can be used to achieve these measurements. D&D simulations
were performed on a large window of simulation parameters (frequency f, permeability modulus
|1| and a reference surface Z ( f, |u| ) was plotted. This surface constituted the support of the
interpolation inverse procedure run to return the permeability vs the magnetic excitation curve

Iul(H). In the last step of the process, the J-A model in a slightly modified configuration was



operated to simulate the MIP behavior and plot the corresponding |u|(H) curves. Again, large
windows of parameters were tested, the confrontation between the experimental and the
simulated |u|(H) curves allowed to establish the best J-A combination of parameters. These
parameters were set for the simulation of the MIP curve and conserved for the simulation of the
hysteresis behavior B(H).

The structure of this manuscript can be summarized as follows:

The first section describes the experimental setup and the acquisition of the | Z|(H) experimental
results. A description of the D&D simulation method such as the inverse process to obtain the Z
(f,|u|)is proposed in the second section. The J-A model in its modified version is detailed in the
third section and finally the whole process is run and tested on electric steel specimens.
Comparisons between simulated hysteresis cycles and experimental ones are proposed as a

validation of the hysteresis parameter combination such as the validation of the whole method.

2 — Experimental setup, acquisition of the |Z|(H) experimental results

2-a) Magnetic incremental permeability characterization setup

The first step of this research consists in the acquisition of the MIP butterfly signature: evolution
of the sensor coil impedance modulus |Z| as a function of the tangent magnetic field excitation
H. Standard NDT industrial equipment can be used for this acquisition (Fig. 1). The DC magnetic
excitation can be generated through a MPI experimental setup and the evolution of the flat coil

impedance monitored with an eddy current controller (Fig. 1).
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Fig. 1 — lllustration of the MIP and ECMS signature acquisitions with standard NDT equipment.

In our laboratory, our equipment is slightly different. A dedicated experimental setup has been
developed especially to recreate the industrial conditions. An overall 3D view of this setup is

depicted in Fig. 2 below.

Labview
controler

Fig. 2 — Overall 3D view of the industrial setup used for the acquisition of the incremental permeability.

A DC power amplifier (HSA 4014 by NF Corporation) fed in f = 0.01 Hz current a 200 turns wound
coil. (please note that to get closer to the industrial conditions, this amplifier and the associated

frequency generator can be replaced by a regulated power supply controlled manually. If fis low



enough both methods give the same MIP curve. We did this test to set f and avoid any undesired
dynamic contribution). The exciting coil is associated to a U-shaped large section magnetic yoke
for the generation of the Hpc magnetic field excitation contribution. The tangential magnetic field
along the specimen in the field direction was measured using a Hall element. A pancake coil (ECT
coil) was placed on the surface of the specimen between the legs of the yoke (see Fig. 1). The
dimensions of the ECT coil were as follows: 3.3 mm inner diameter, 3.95 mm outer diameter, 3.0
mm height, 275 turns, and 0.05 mm wire thickness. The lift-off was 0.39 mm. The coil impedance
was measured using a LCR meter (ZM2375, NF Corporation). The current of the ECT coil was
controlled to an effective value of 1 mA using the LCR meter. The frequency of this AC magnetic
field excitation was set to 50 KHz. The AC magnetic field contribution was maintained lower than
a quarter of the coercivity to ensure reversible AC magnetization changes, i.e., to avoid
irreversible domain wall jumps, as recommended by the literature [21]. The resulting data
provided by the LCR meter consisted in the sensor coil impedance modulus, phase, real and
imaginary part. A series of measurements for the different levels of DC magnetization was
recorded using @Labview data acquisition software.

A calibration procedure was carried out to take into account the parasitic impedances due to the
electrical wires and contacts. A comparison between experimental and simulation tests in the air
(using the D&D analytical expression described in the next section for the simulation) was done
and both a rotation ¢.,, and expansion Mod_,, factors were found so that the calculation results
were consistent with the experimental ones.

Zpin = |Z). Mod ... €@+ Pcor) "



This method gave us the MIP signature but it also enabled access to the Eddy Current Magnetic
Signature (EC-MS) plot, impedance imaginary part as a function of the real part which has been
described in recent articles as a particularly sensitive indicator of residual strains [6][22].

In parallel to this first experimental setup, a hysteresis cycle characterization setup was exploited
to plot the tested specimen hysteresis cycles required for the validation of the method. A detailed
description of this setup can be found in [22].

Fig. 3 — a, b give the MIP and the EC-MS curves obtained at Hac = 50 Khz. Fig. 3 — c shows the

experimental quasi-static major hysteresis cycle measured with our specimens.
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Fig. 3 —a. MIP Experimental curve (Hac= 50 KHz). Fig. 3 — b. ECMS Experimental curve (Hac= 50 KHz). Fig. 3 —c. B(H)
Experimental curve (Hpoc = 0.1 Hz) .



2-b) Tested specimens

The tested specimens were all coming from the same batch. They were all electric steel, FeSi
laminations with a 3 wt % silicon content and referenced 35JN360. Tab. 1 below gives the physical

properties as provided by the manufacturer.

Tab. 1 —Physical properties of the 35JN360 specimens as provided by the manufacturer.

Thickness Density Core loss - 50 Hz | Min. magnetic flux density at 5000 A.m-1 Min. Lamination Factor
(mm) (kg/dm’) (W/kg) M (%)
Grade T 1.5T

35JN360 0.35 7.65 1.45 3.6 1.62 95

Yield point Tensile Strength Elongation Hardness

(N/mm?) N/mm2 % HV (1 kg)

L C L C L C
351 356 489 504 27 28 182

"L" and "C" means the specimens cut parallel and traverse to the rolling direction, respectively.

The tested specimen geometrical information are available in Fig. 4.

Fig. 4 — Geometrical properties of the tested specimens.

The electrical conductivity of these specimen was 2.13 10° S.m™%, with Non-Oriented (NO) grains

and isotropic magnetic properties.
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3 - Inverse process, Dodd and Deeds analytical method, Iunl(H) plots
establishment.

In the late sixties, early seventies, Dodd and Deeds (D&D) derived closed form integral
expressions for the impedance of the cylindrical coil above a layered conductive half-space [23]-
[25]. This model continues to be used extensively to this day. In the industrial field, it allows to
design eddy current tests and to optimize parameter measurements including thickness,
conductivity and magnetic permeability [26]-[28]. In this study, the D&D simulation method was
used to plot a reference surface |Z|(|u,|, f) related to our experimental situation. This surface
constituted the base of the interpolation method used to convert the experiment |Z|(H) plots
into |u,|(H) plots.

We opted for the D&D analytical solution of a cylindrical coil above a two-layer conductor. The
top layer was our tested specimen (0.35 mm thick), the bottom layer (supposed extended to
infinity) was set with a vacuum permeability and a low electrical conductivity in order to restrain
its influence in the final calculus. The D&D solution is decomposed in two terms. The first term Zo

is related to the cylindrical coil and is expressed by:

__ Jj2mwueN? f+°°x2(kr1.
- (r;—11)2(22-21)? 70 k6

0 512 [k(zy — z,) + e~ —1]dk (2)

Where r1, rz, z1, 22, are the coil inner radius, the outer radius, the bottom position and the top

position on the z axis (see Fig. 5 below). N is the number of turns.
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- First conductive layer: 0, W,

Second conductive layer: o,, W,

Fig. 5 — Illustration for the D&D simulation of cylindrical coil above a layered conductive half-space.

Zo does not depend on the vertical position of the coil but rather on its width z-z1. The second
term AZ has to be added to Zp to obtain the final solution. AZ is associated to the impedance

changes due to the two-layers conductor and can be expressed as:

AZ = Jj2mwpuoN? f+00 X2 (kry k) (e7F71 — gkz2)2 apira+Aoprs) Geptrs =A) +e =229 Ay pry = Ao ) (kptry +14) (3)
(r2=11)?(22-21)% °0 k6 (Aprz+A2pr1) (k1 A1) +e =228 (g g = A pr1 ) (Kitrr = A1)

A= /kz + jwhr to0;
Where d is the first conductive layer thickness. The D&D analytical solution was configured with
the sensor coil information provided in the first section and simulations were done for a
frequency and relative permeability windows of [10 KHz — 1 MHz] and [100 — 5000] respectively.

The resulting surface |Z| (||, f) is depicted in Fig. 6.

12
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Fig. 6 — Reference surface |Z|(|u,|, f) calculated with the D&D simulation method.

Fig. 6 surface and the corresponding matrix constitutes the data base we use to return by
interpolation the relative permeability corresponding to Fig. 3 IZI experimental values. Even if the
experimental AC frequency was set to 50 Khz, a large window of frequencies was tested making
our method applicable on different levels of frequencies.

Fig. 7—a below depicts the simulated |u,-|(|Z]) curve obtained at f = 50 KHz, Fig. 7 — b shows
the |u,-|(H) curve obtained for our specimen once the correction factors were taken into account
and the interpolation process done. The expansion factor Mod,,, was set to x 1.1896 and the

rotation factor ¢,,, to - 0.4511 rd.
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Fig. 7 — a. Relative permeability as a function of the impedance from the D&D simulation (f= 50 KHz). Fig. 7 — b.
|u,-|(H) resulting curve for the FeSi 3% NO specimen.

4 - Modified lJiles-Atherton model and identification of the hysteresis
parameters.

The inverse process based on the D&D analytical solution for a cylindrical coil above a layered
conductive half-space gave us an estimation of |y, | for all the values of H tested. It is important
to keep in mind that ur is a tensor linking vector quantities. As the tested specimen is magnetized
by the DC magnetic field contribution, |u,| is supposed to be independent of the spatial position.
Even if we never verified it experimentally, our specimens are supposed to have anisotropic
magnetic characteristics (non-oriented grains). In our experimental setup, the AC and the DC
magnetic contributions were perpendicular (see Fig. 1). The quasi-static excitation amplitude is
supposed to be 100 to 1000 times higher than the AC ones. Consequently, in the scanned area
the direction of the vector cumulative excitation field H (H—DC)+ H_AC)) remains almost constant
during a large proportion of the measurement cycle. Based on this observation, we considered
the scalar version of the Jiles-Atherton model (where Hand B are collinear) as accurate enough

to provide consistent simulation results.
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4-a) Modified Jiles-Atherton model for a fast simulation of the magnetic incremental
permeability

The J-A theory is based on domain-wall motion which is the principal cause of hysteresis in multi-
domain specimens. But the J-A model also considers the effect of domain rotation since the
essence of the model is the establishment of a relationship between energy dissipation (“losses”)
and magnetization variations [29]-[31]. On a one hand, the J-A model exhibits remarkable
properties: a limited number of parameters, a capability of considering hysteresis through a
unique equation. On the other hand, the J-A model (at least, in its early stage version) is suffering
from various restrictions: the limitation to scalar situation (i.e., the magnetic excitation H and the
magnetization M are assumed to be collinear), the limitation to quasi-static frequencies and the
accommodation issue (i.e., the incapability to simulate correctly the minor loop situations). In
the J-A theory, M is decomposed into a reversible M., and an irreversible M- contributions:

M = Mye, + M (4)
The anhysteretic magnetization is described with a sigmoid-type equation (Langevin ...) including
at least two parameters:
_ Ms the saturation magnetization
_a, an anhysteretic trajectory parameter related to the domain walls density.

Eg. 5 and eqg. 6 below are the classic options for this anhysteretic magnetization:

Mgnn = M, [coth (%) - Hie] (5)

Mgnn = Mgtanh (%) (6)

According to the J-A theory, a can obtained theoretically using Eq. 7:

q =8 (7)

Hom
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ks is the Boltzmann’s constant, 8 the temperature, and m the magnetic magnitude at a domain
scale. In the J-A model, an effective field He is defined as the sum of H and an additional
contribution related to the surrounding magnetized mater and modulated by a a mean field
parameter (the inter domain coupling parameter, see J-A theory [29]-[31]).
H, = H +aM (8)

He is the model input, by taking into account the influence of the environment magnetic state,
congruency issues are avoided. Eq. 9 below connects the anhysteretic, the reversible and the
irreversible magnetizations:

M,y = c(Mann — Mirr) (9)
As c is constant, a proportional ratio is assumed between the magnetization contributions. c can
be adjusted experimentally from the ratio between the initial permeability observed on the first
and on the anhysteretic magnetization curves (in the Rayleigh area). c has a strong influence in
the simulation of the MIP butterfly signature where similarly to the Rayleigh zone, the reversible
magnetization contribution is major.
A differential equation (Eq. 10) connects the anhysteretic and the irreversible magnetization:

AMirr _ Manh—Mirr

aH, ko (10)

k is related to an average energy required by the domain walls to break pinning site and 6 a

directional parameter necessary to avoid physical non-sense.

§=+1if 220

t
(11)
§=-1if 2<0

After recombination of the above equation (Eq.4 to 11) an expression of the susceptibility

(assumed equal to the permeability) can be obtained:
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aMm
er+ AManh

Y C) dHe
— 12
dH 1-a(1- C) er d"‘;’;nh ( )

Eg. 12 permeability can be classified as differential if dH/dt has been conserving the same sign
fora time lap long enough to allowed irreversible domain wall motions. Oppositely, after a recent
dH/dt sign changing, it can be assimilated to an incremental permeability. The H integration of
eg. 12 leads to the induction field B and allow to plot the B(H) hysteresis behavior:

B(t) = puo(H(®) + f—(t)dH (13)
In [22], we proposed a simple modification of the J-A model to describe quasi simultaneously a
B(H) hysteresis cycle and the associated |u,-|(H) MIP butterfly loop. In this method, the J-A model
is excited with a high amplitude alternative magnetic field H and for every step time both the
differential and the incremental magnetic permeability are calculated. In such configuration, H
variations are long enough to allow irreversible domain wall motions and eq. 12 describes a
differential permeability. The incremental permeability calculus requires the creation of a virtual

MIP effective field Henp defined as:

If if SLgn( Ht )) sign (@)

4 Ho,,»(t) = H(t — dt) — dH(t) + aM(t — dt) (14)
I else

l Heyyyp () = He(8)

Hewmip simulates a sudden sign change in the excitation field time derivation and replacing He by
Hemip in the simulation process leads to a permeability expression (Eq. 15) which can be

assimilated to the incremental permeability:

aMm
aM (1- C) Mirr +c dH anh
— M eéMIP (15)
- dM
aHmip 1_“(1_C)dH A
MIP eMIP
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Fig. 8 below gives an example of a simulated major B(H) hysteresis cycle and its related

differential and incremental permeability obtained with the modified J-A model and the

combination of parameters displayed in Fig. 8 — b.

J-A Parameters Typical value
a(am?) 150
Ms (A.m™) 1.6 10°
k(Am?Y 250
0.3
a 2.810"
2 ‘ ‘ ‘ b
1000 -500 0 500 1000
HA.m™
15000 15000
< 10000} "¢ 10000}
£ €
= =
& £ L
£ 5000 < 5000t
d
. | . =N
1000 -500 0 500 1000 1000 -500 0 500 1000
HA.m ™" HA.m ™

Fig. 8 —a. Simulated B(H) major hysteresis cycle. Fig. 8 — b. Corresponding J-A parameters. Fig. 8 — c. Simulated
MDP curve. Fig. 8 — d. Simulated MIP curve.

By avoiding the simulation of the minor loops, the new method solves indirectly the
accommodation issue and provides faster simulation results. According to numerical tests
commented in [22], the quantitative improvement reaches x 10 in term of simulation time which
is large enough to envisage setting up a parameter optimization process and find the best
combination of parameter for the simulation of Fig.6 |u,.|(H) curve.

The optimization process constituted the next step of this work. The J-A parameters were
identified precisely, the optimization process was based on comparisons between Fig. 7 — b

|u-|(H) D&D interpolated curves and the J-A simulated ones. Windows of values based on

18



physical properties were set for every parameters. Ms was adjusted from the material

composition.
%2> 0, H; € [Hmin, Hmax]
Erroryp = XYizy ab5(|ﬂ|?&D(Hi) - |H|{_A(Hi)) (16)
The combination of parameters which lead to the minimum value of the error function (Eq. 16)
was set as our specimen combination of parameters. This combination is depicted in Tab. 2. Eq.

5 sigmoid has been used for the J-A anhysteretic contribution.

Tab. 2 — Best combination of parameters for the J-A simulation of the 35JN360 specimens.

J-A Parameters 35JN360 specimens

a(Am™) 16000
Ms (A.m™) 79 10°
k(Am™) 25
c 0.0015
a 0.0001

Finally, both the D&D and the J-A (Tab. 2 parameters) |y, |(H) curves are exposed in Fig. 9 — a.
Fig. 9 — b shows the resulting comparison between the experimental and the simulated B(H)

curves.

Iyl

B(M

—Experimental B(H)
—J-A B(H)

-1500 -1000 -500 0 500 1000 1500 -500 0 500
HA.m™ HA.m™"

Fig. 9 — a. Comparison between the 1ZI(H) MIP curves obtained with the D&D interpolation method and with the J-

A model (best combination of parameters). Fig. 9 — b. Comparison between the simulated and the measured B(H)
curves
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The relatively good comparison observed between the experimental and the simulated B(H)
curves (Fig. 9 —b) confirms our expectation and is worth as a validation of the whole method. A
short quantitative survey (relative error percentage (Eq. 16) on the coercive field, the remnant

induction and the hysteresis area) is depicted in Tab. 3 below.

Error,e; (%) = 100 |M (16)

Xmeas

Tab. 3 —Relative error percentage for 3 hysteresis cycle parameters.
‘ Rel. Error (%)

Ec 3.2
Br 6
Hyst area <A> 21

Finally, it is important to mention the weight of the lift off estimation in the success of the
method. Large differences can be observed on the |u,.|(|Z]) (Fig. 7 — a) and on the |u,-|(H) (Fig.
7 —b) curves after a small variation of the lift-off. Good simulation results can still be obtained by
adjusting c (the reversibility parameter). ¢ has a strong influence on the MIP simulation but
relatively weak on the B(H) curve, it can be modified to match the MIP curve without affecting
the B(H) simulation. Consequently, from a magnetic characterization/NDT point of view, a small

error in the measurement of the lift-off can lead to a resulting c out of physical meaning.

5 — Conclusions and perspectives

ENDT is in constant progress, by coupling numerical tools to experimental results, the capability
of detection and characterization could be improved drastically. A lot of research is supported in
this field. An important current issue comes from the acquisition of the experimental data
required for the configuration of the simulation methods. It is especially true for steel inspection.
Steel is ferromagnetic and exhibits strong magnetic non-linear behaviors (hysteresis, frequency

20



dependence ...). The magnetic characterization of steel is supposed to be done in very restrictive
conditions described by international standards. In this manuscript, we proposed an alternative
method to estimate the hysteresis simulation parameters using classic NDT equipment (ECT
device and MPI inductor). The proposed method runs through 3 steps and combines
experimental results (MIP butterfly loop) to numerical simulations (the D&D analytical solution
and the J-A model). The first tests exposed in this manuscript for the FeSi laminations with a 3
wt% silicon content exhibit a maximum of = 20 % relative error for the main hysteresis indicators.
Even if this percentage error can be judged as relatively high, it has to be balanced by the fact
that the resulting hysteresis parameters open doors to comparisons between data from NDT
experimental devices and situations never compared before.

Many perspectives can be associated to this work including:

_ To test new geometries (tubes, rods, gears ...)

_ To test new materials (steel, pure iron ...

Assumptions have been advanced in the description of our method, therefore further
developments will be proposed in a future work to confirm these hypothesis and improve the
capability of the method. A study of reproducibility has to be performed such as the evolution of

the simulation parameters as a function of creep and aging.
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