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Using nondestructive techniques to quantitatively estimate residual stresses along the depth is
necessary to improve the ability to predict the real fatigue life of pieces for many applications.
Magnetic Barkhausen noise has been proven to successfully estimate the residual stress at the
surface produced by machining, plastic deformation, phase transformation or surface treatments
such as shot peening, also allowing one to obtain information of the residual stress depth-profile in
shot peened pieces which presented similar depth-profile shapes. However, residual stress depth-
profiles with nonmonotonic or different shapes have not been successfully estimated. In the present
study, an extended approach is developed in order to estimate these stresses independent of the
shape of the residual stress depth-profile. The approach proposed here improves an existing model
of the Barkhausen noise spectrum (Kypris-Jiles model) by adding the effect of the attenuation of
the applied magnetic field on the Barkhausen noise. This extended approach is used to estimate the
residual stress depth-profiles of samples with different depth-profiles using a calibration process.
The approach is validated by estimating the residual stress depth-profiles, with errors smaller than

70 MPa in a depth of 130 um, in all the samples studied. Published by AIP Publishing.

https://doi.org/10.1063/1.5002074

I. INTRODUCTION

Estimating fatigue life is important in many fields of
engineering in order to carry out an optimum maintenance
and inspection plan for parts in diverse industrial sectors.
Residual stresses are one of the critical features that need to
be known in order to estimate the fatigue life cycle prop-
erly.! The so called residual stresses are stresses present in
the parts once the source of load is removed and they could
also be produced throughout the manufacturing process. In
many applications, the parts are shot peened to obtain com-
pressive residual stresses and thus increase the parts’ life
cycle. However, the presence of compressive residual
stresses at the beginning of the life cycle does not assure that
the residual stresses will remain constant over time. In fact,
it has been observed that a relaxation of the residual stresses
occurs over time and also that external factors could intro-
duce new residual stresses that would change the fatigue life
of the part."? Therefore, in order to improve the life cycle
prediction, it is important to estimate the residual stress
depth-profile at the beginning of the life cycle, but it is also
important to monitor the changes in the residual stress depth-
profile during service by nondestructive techniques.

In the present work, the magnetic Barkhausen noise
(MBN) technique is used to estimate the residual stress depth-

profiles due to its well-known sensitivity to stresses,” '® a
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capability that has been shown so far to attain information
from different depths.>*®*~'#141718 Apother point in its favor
is the portability of MBN measurement systems relative to
conventional nondestructive residual stress depth-profile mea-
surement systems, such as neutron diffraction or synchrotron
X-ray diffraction (XRD). The MBN technique measures the
signal produced by the movement of magnetic domain walls
inside ferromagnetic materials when a time-varying magnetic
field is applied. In general terms, for steels with positive mag-
netostriction, it has been observed that the MBN signal ampli-
tude increases when the stress is tensile and decreases when
the stress is compressive.>~'® Moreover, the MBN signal emit-
ted inside the material is attenuated by eddy current damping,
as it has to travel through the material to reach a MBN sensor
located at the surface of the material.

By studying the MBN at different frequency bands, infor-
mation from different depths can be obtained,3’6’9*12’l4’18 and
by combining this with the relation between the stress and the
MBN amplitude, it is possible to obtain an estimation of resid-
ual stresses present at different depths of the material >9'%!4
However, the approaches used so far to obtain these approxima-
tions present drawbacks: some cannot estimate nonmonotonic
residual stress depth-profiles with different shapes,>®*'!"'* and
others, even though their theoretical frameworks are promising,
have not yet been proven to successfully estimate nonmono-
tonic residual stress depth-profiles in real samples.'*'

In the present work, the objective is to develop an
approach that is able to estimate nonmonotonic residual stress
depth-profiles independent of their shapes (e.g., monotonic,
nonmonotonic or different) by taking MBN measurements at

Published by AIP Publishing.
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the surface of the part. For this purpose, the approach and
model proposed by Kypris et al.'® (hereafter referred to as the
“Kypris-Jiles model”) are taken as the starting point, as they
present a theoretical framework for estimating the residual
stress depth-profile independent of the shape of the depth-
profile. As this model had not been used before for estimation
of nonmonotonic residual stress depth-profiles, in the present
work, it was applied to check its applicability.

Additionally, an extended approach that modifies the
Kypris-Jiles MBN magnitude spectrum model is proposed
here. The extended model includes an additional effect on
MBN attenuation with reference to the attenuation of the
applied magnetic field.'"”' Furthermore, the discretization
in the depth direction of the sample made to fit the model to
the MBN measurements is modified to take into account the
large variation produced by residual stresses on the MBN
amplitude. Lastly, the extended theoretical approach is vali-
dated using samples with different residual stress depth-
profiles. Using this extended approach and the spectrum of
the MBN acquired at the surface of each sample, a qualita-
tive estimation of their residual stress depth-profiles is
obtained. Moreover, after a calibration process involving the
qualitative values obtained with the extended approach and
the residual stress depth-profiles obtained by destructive
means on some reference samples, a quantitative estimation
of the nonmonotonic residual stress depth-profile in other
samples is achieved.

Il. THEORY
A. Barkhausen noise magnitude spectrum model

The Kypris-Jiles model of the Barkhausen noise magni-
tude spectrum'® is based on the attenuation suffered by the
MBN signal as it travels from the emission point inside the
material to the surface due to eddy current damping, which

is described by the following equation:>%-91%18

V(x,w) = Vorig(w) * exp (%), (1)

where V,,;, is the MBN emitted at a depth x from the surface,
o is the angular frequency of the emitted signal, and 9, also
known as skin depth, is the distance at which the signal is
attenuated by a factor of e ' and is given by the following
equation:

0= T (2)

where p and p are the electrical resistivity and magnetic per-
meability of the material, respectively, and  is the angular
frequency of the emitted signal.

The V,.;; (w) is considered as white noise in Ref. 10
because the parameter associated with the magnetizing rate
(c = \/uw/212px0.1356w, where w is the width of the sec-
tion) is greater than 0, (c =0.14), so the V,,;, on each w has
the same value. Furthermore, in Ref. 10, it is believed that
the V., is the only function of the residual stress (¢) present
at the depth where this V,,;, is emitted (V,,;, (¢)) and the u
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depends on the average residual stress (¢) from the depth
from which this V,,,;, is emitted to the surface where the sen-
sor is located (which is called effective magnetic permeabil-
ity (uep(c) from this point on). This is so, taking into
consideration that other material properties such as micro-
structure are nearly constant along the depth and that their
impact on the V,,, value and p. value are negligible.
Therefore, Eq. (1) can be represented as follows:

V(x,0,0) = Vorig (0) * exp(—((@) x V), 3)
= Vorig (0) * f1 ()C, , ((6))7 (4)

where {(G) = /() /2p) is introduced for mathematical
tractability and is responsible for the rate of attenuation due
to eddy current damping.

The Kypris-Jiles model represents the measured MBN
magnitude spectrum at each frequency (Viusor.) With the
following equation, considering the samples to be formed by
discrete layers of Ax width in the depth direction, where
each of these layers is considered to be homogeneous:

VSensar,u) = [VorigO(UO) * fl (Xo, w, é/() (60))
+ Vorig1(a1) * 1 (x1, 0,1 (G1)) + -+
+ Vorig,n—l(o-n—l) >|<fl

(anla w, Cn—l (6,171))] * 0)70'27 (5)

where V.00, Vorig 1., and Vo4, ,.; are the MBN values at
the origin emitted at the layers located at distances xy, x;,...
and x,_; (where X,_; is the maximum depth analyzed) from
the surface as a function of the residual stress (o) present in
each layer. {y {;.. . and {,.; are responsible for the rate of
attenuation from each layer and @ 2 is a heuristic term
added in Ref. 10 for a better match with the magnitude
spectrum.

In the extended model introduced here, the assumptions
made in Ref. 10 to obtain Eq. (5) are also considered: white
noise for V,,;, is assumed since the parameter associated
with the magnetizing rate is very similar to the value in Ref.
10 {¢=0.12, considering p and u to be similar to the proper-
ties of iron [p = 0.3175 uQ m, u = 500*u, (Refs. 22 and
23)], and w = 0.025 m}; the parameters V,,;, and { are only
considered to be functions of ¢ and @, respectively, consider-
ing as a starting point other material properties such as
microstructure to be constant. In case the microstructure of
the samples changed and its influence was significant, the
relation between the V,,,, and the residual stresses would
become worse, becoming inexistent in case the influence of
the stresses on the V,,;, were negligible comparing to the
influence of the microstructural change.

In order to take into account the effect that the attenua-
tion of the applied magnetic field has on the V,,,;, term as
this field penetrates the material, an additional term is added
to Eq. (5). This attenuation is a well-known effect that
reduces the applied magnetic field signal as it travels through
the material in a way that is similar to the attenuation of the
MBN signal, but not only is the eddy current damping
involved, but so are hysteresis losses, magnetic viscosity,
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demagnetizing factor, etc.'”?' The consequence of this
attenuation is that the MBN signals emitted further from the
surface present lower amplitudes than the MBN signals emit-
ted nearer the surface. This happens because the MBN
amplitude is a function of the time derivative of the applied
magnetic field***> and this time derivative decreases as the
applied magnetic field decreases.

In order to add this effect to the model, as an approxima-
tion, it is considered that the applied magnetic field is attenu-
ated exponentially due to the eddy current damping and
other factors are ignored. Then, the relationship between the
exponential attenuation of the applied field and the MBN
amplitude are considered to be linear, yielding the following
equation:

Magnetic field attenuation factor
= k*exp(—é’n (E,,)xm/wmc), (6)
= kxf> (x’h Dexes Ly (En))v )

where k is an unknown constant for all layers representing
the effect of the derivative of the magnetic field in the MBN
amplitude, x, is the distance from the surface to each layer,
{, is responsible for the rate of attenuation from each layer
located at x distance from the surface, and w,,. is the angular
excitation frequency. This factor multiplies each V,,,;, , and
modifies Eq. (5) without the heuristic term w2 as follows:

Vsensoro = [Vorig0(00)#f1 (X0, @, {o(G0)) #f2(x0, Dexe; {0(T0))
HVorig.1(01)*f1(x1, 0, {1 (G1))*F2(x1, Were, (1))
+ o+ Vorigan—1(0n—1) 41 (1,0, {1 (1))
#£2(Xy— 1, Oeres (o1 (Tu1)) | % k. (®)

B. Residual stress estimation approach

The extended approach for estimating residual stress
depth-profiles proposed in the present study consists of 3
stages that have been applied with the extended and the bare
Kypris-Jiles models of the measured MBN magnitude
spectrum:

(a) Fitting the model to the measured MBN magnitude
spectrum: in order to perform the fitting, some consid-
erations should be taken. First of all, a number of
parameters should be taken as the ones varying to per-
form the fitting. In this case, the V,,;,, the {, and the k
(only for the extended Kypris-Jiles model) parameters
are used. Second, the x,,_; depth should be set. For the
bare Kypris-Jiles model, this is done using Eq. (2), as
proposed in Ref. 10. However, when there is a gradient
in the material properties along the depth that could
change the amplitude of the MBN greatly, this depth
could be slightly different.”>2° In this case, as the
residual stresses could vary in high extent, the x,_; of
the extended model is not calculated as the depth com-
ing from Eq. (2), but as a depth 1.8 times greater, in
order to consider that it is possible to have an ampli-
tude difference at the MBN signal of six fold greater

J. Appl. Phys. 123, 033904 (2018)
along the depth, due to change of residual stresses.”’
Finally, the Eqgs. (5) and (8) are fitted using a nonlinear
least squares algorithm for the bare and extended mod-
els, respectively.

(b) Linear calibration of V,., parameters with X-ray
measurements of residual stresses: in this step, calibra-
tion functions are obtained for each depth. These func-
tions are calculated using samples with known and
different residual stress depth-profiles. A linear regres-
sion function for each depth (6, = @,*Vyrig,n + by,
where a, and b, are constant for each depth) is calcu-
lated using the V,,;, and residual stress values of the
samples at those depths. V,,;, is used because it is the
only parameter related with the residual stress value at
each depth, since the { is related with the average value
of the residual stress from the surface to each depth.

(c) Validation of the calibration functions: here, V,,,;, and
residual stress values of known sample or samples not
used at the calibration step are used in order to validate
the functions for each depth. The V,,;, value and the
calibration function from each depth are used to ana-
lyze the difference between the residual stress esti-
mated by the function and the residual stress values
measured by X-ray diffraction at each depth.

lll. EXPERIMENTAL METHOD
A. Material and processes

Four cylindrical samples of the same low carbon steel
were heat treated and machined in different ways. The com-
position, heat treatments, and machining processes cannot be
detailed due to confidentiality reasons. These treatments and
machining processes were applied in order to induce differ-
ent residual stress-depth profiles on the samples while pre-
serving the same ferrite-pearlite structure and hardness for
all samples and depths.

B. Destructive measurements

The residual stress depth-profiles were measured by
means of X-ray diffraction (XRD) using the sin® method.
A Bruker D8 Advance diffractometer with a parallel beam
polycap, PSD detector and Cr radiation (wavelength
2=2291A) was employed for these measurements. In order
to measure the depth profile, it is necessary to successively
remove layers of the material without further changing the
residual stress state of the material. The best way to do this
is by electrolytic polishing.?® This method introduces the
smallest modification in the stress state, although obviously
it produces a slight stress relaxation. To take this relaxation
into account, the layer removal correction proposed by
Moore and Evans® can be applied. Nevertheless, in the pre-
sent study, this correction is practically zero, because it is
necessary to eliminate layers that are millimeters thick to
obtain a noticeable correction, and in this work, the maxi-
mum depth reached after the removal of several layers is
below 300 um.

Qualitative characterization of the microstructures was
carried out using optical (LEICA CTR 6000) and SEM
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FIG. 1. Scheme of the cross section area of the cylinders with the micro-
hardness depth-profiles performed every 90° and in the detail the Knoop
microhardness pattern used to measure the microhardness at the surface of
the four samples.

(FEG-SEM JOEL JSM-7000F) microscopic images. For this
purpose, cross sections of the cylindrical samples were cut,
polished, and etched in Nital 2% during 10 s for observation
by optical and SEM microscopy.

Moreover, microhardness of the surface and core of the
samples was measured using the Knoop method with a load
of 0.1kg during 5 s before etching the samples with a micro-
hardness testing machine (Qness A304-). The microhardness
measurements at the surface were performed in the cross sec-
tion of the cylinders every 20 um starting at a depth of 25 um
with the pattern shown in Fig. 1, to leave enough distance
between indentations. This microhardness depth-profile pat-
tern was repeated every 90° of the cross section in each
sample.

C. MBN measurements

The MBN measurements were performed with a MBN
measurement system developed at the Ceit-IK4 Technology
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Center. The details of the measurement system are found in
Ref. 9. The cylindrical samples with different residual stress
depth-profiles were excited under a varying magnetic field of
2 Hz created by a sinusoidal waveform current of amplitude
*0.6 A, passing through a coil wired to a ferromagnetic
yoke, which produced a maximum applied magnetic field
measured at the surface of the sample of around 10 000 A/m.
The MBN signals were acquired by a surface induction sen-
sor with a ferrite core and located at the surface of the sam-
ple. The acquired MBN was amplified by 60 dBs and
high—pass filtered at 8 kHz. The MBN was acquired using a
NI DAQ card with a 1 MHz sampling frequency. Each mea-
surement consisted of 10 magnetizing cycles (5s). The
acquired signal was post-processed with a Matlab script.
This script removed the first cycle because it was not station-
ary, then, it calculated the MBN magnitude spectrum [see
Fig. 2(a), the continuous lines] by a fast Fourier transform
for each cycle in the region where the MBN peak was pre-
sent [the region between the vertical discontinuous lines
shown in Fig. 2(b)], smoothed each spectrum by a moving
average filter to calculate the envelope of the MBN magni-
tude spectrum, and finally the smoothed magnitude spectrum
of each cycle was averaged [see the example in Fig. 2(a), the
discontinuous line].

IV. DESTRUCTIVE CHARACTERIZATION
A. Residual stress depth profiles

The residual stress depth-profiles obtained by a combina-
tion of XRD measurements and electrolytic polishing in the
longitudinal direction of the cylindrical samples (along the
direction of the length of the cylinder) are shown in Fig. 3. All
the samples present compressive stresses on the surface in the
range between —250MPa and —400MPa. In the layer
between 10 um and 100 um, the stress level of sample S1
increases from highly compressive stress (—270MPa) up to
slightly compressive stress (—50 MPa) and then it remains con-
stant. Sample S2 increases its stress level from —300 MPa at
the surface to —90 MPa at 20 um, then the next measurement
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FIG. 2. (a) MBN magnitude spectrum of the peak area of each MBN cycle (continuous lines) and the average value of these MBN magnitude spectrum meas-
urements (discontinuous line). (b) MBN and tangential magnetic field (H,) signals and the peak region (between discontinuous vertical lines) which is used in

the FFT to calculate the MBN magnitude spectrum.



033904-5 Lasaosa et al.

400 T T T T T

Yr  S1-XRD)
= % S2-XRD| |
200 RAER N + S3-XRD
, N X S4-XRD|
= 0 7 b B
g T i i e
T o p/x*’"\* ]
i NEEE
A - L oo o —m == == J
-600 . ! . L . .
50 100 150 200 250 300 350
Depth [um]

FIG. 3. Residual stress depth-profiles of the samples obtained by a combina-
tion of xrD and electrolytic polishing. The markers correspond to the actual
measurements and the discontinuous lines are the splines calculated from
these points. Error bars for each point represent the standard deviation of
each measurement.

point at 50 um presents a similar compressive stress level
and starts decreasing slightly until —230 MPa at 70 um and
then it remains constant at greater depths. Sample S3 under-
goes a large increase from an initial residual stress value of
—400 MPa towards a tensile stress of 230 MPa at 50 ym, and
then from 50 um to 100 um, the stress drops to slightly com-
pressive stress values of around —50 MPa. Sample S4 keeps a
high compressive stress value (larger than —400 MPa) for all
the depths, with a small peak of a slightly larger compressive
stress at 60 yum.

B. Microstructural evaluation

The microstructure observed by the optical microscope
within the first 225 um below the surface presents a ferrite
perlite microstructure in all the samples, with a negligible
change on the grain size, and phase percentage between the

J. Appl. Phys. 123, 033904 (2018)

samples [see Figs. 4(a)-4(d)]. Furthermore, the microstruc-
ture for different depths within each sample presents little or
no change with the exception of samples S3 and S4, which
present some directionality in the first 1-2 um. In Figs. 5(a)
and 5(b), more detailed SEM micrographs for samples S1
and S3 of the first 65 um below the surface are presented. It
can be seen that the change in the microstructure along the
depth is also negligible, apart from the directionality present
in the first 1-2 ym.

C. Microhardness measurements

Figures 6(a)-6(d) show the microhardness measure-
ments for the four samples at the first 400 yum from the sur-
face. It can be seen that there is no significant variation in
the hardness both along the depth and between the different
samples. These microhardness values are equivalent to
approximate hardness Rockwell C values between 23 and 25
HRC both at the surface, subsurface, and at the core of the
four samples.

V. APPLICATION OF THE APPROACH FOR
ESTIMATING RESIDUAL STRESS DEPTH-PROFILES

In this section, the approach proposed in Sec. IIB is
applied using both the extended and the bare Kypris-Jiles
models. The application of the approach for the extended
model is presented in detail and then, the residual stress
depth-profile estimations obtained with the extended model
are compared with the estimations obtained from the bare
model.

FIG. 4. Optical micrograph from the surface to a depth of 225 yum of samples (a) S1, (b) S2 (c) S3 and (d) S4 (etched with nital 2%).
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FIG. 5. SEM micrograph from the surface to a depth of 65 ym of samples
(a) S1 and (b) S3 (etched with nital 2%).

A. Application of the approach with the extended
Kypris-Jiles model

1. Fitting the extended Kypris-Jiles model to the
measured MBN magnitude spectrum

In Fig. 7(a), the MBN magnitude spectra of the sam-
ples are shown. It can be seen that the spectra present a
peak at low frequencies. This behavior is normal in the
MBN magnitude spectrum,‘m’31 but Egs. (5) and (8) cannot
model the region of the spectrum with a peak, only the
region where the spectrum continuously decreases.
Therefore, in the present study, the magnitude spectrum in
the region between 25 kHz [marked with the vertical black
line in Fig. 7(a)] and 500 kHz is used for the fitting. As the
minimum frequency used is 25 kHz, by considering p and
1 to be similar to the iron ones (0.3175 pQ m and 500% ),
respectively22’23), the skin depth, , is around 80 um; this
means that the x,.; value for the present approach is
140 um, whose depth is 1.8 times greater than the value of
the skin depth, 0.

J. Appl. Phys. 123, 033904 (2018)

In the present study, the MBN magnitude spectrum mea-
sured is described by 475 frequency points. Thus, there are
475 equations to solve by the nonlinear least squares fitting
in Eq. (8). Considering the width of the layers, Ax, 10 um,
and given the minimum depth, x,, is 0 um and the maximum
depth, x,,.;, is 140 um, the unknown parameters are 15 V,,;,
values, 14 { values and the value of parameter k.

Figure 7(a) illustrates the average MBN magnitude
spectra measured at the surface of the samples, shown as
continuous lines, and the fitting curves obtained after adjust-
ing the parameters of the model [Eq. (8)] by a nonlinear least
squares fit, shown as discontinuous lines. Distinct values of
residual stress depth-profiles in the samples lead to different
spectrum shapes with varying peak amplitudes for the MBN
measured at the surface, as predicted by simulations of the
Barkhausen spectrum emanating from diverse stress-depth
profiles.'! The relative errors between the measured and the
fitted average MBN magnitude spectra are represented in
Fig. 7(b). It can be seen that there are deviations with respect
to the real spectrum, especially in the 25-60kHz and
400-500 kHz frequency bands.

The V,,;, values from 10 um to x,,_; (140 um) at different
layers (V,,;, depth-profile) of each of the samples obtained
from the fitted model are shown in Fig. 8. The V,,,;, value of
depth x =0 is not taken into account since this parameter
also takes within it the random Gaussian noise introduced by
the measurement.’® It can be seen that the Vorig depth-
profiles of samples S1, S2, and S3 present a peak in the
region of around 30 um-50 um depth, and then the V,,;, val-
ues decrease steadily. On the contrary, the V,,;, values for
sample S4 decrease slightly and continuously from the sur-
face to 140 um deep.

2. Comparison of V,.iq parameters and residual stress
depth-profile

In order to get a good relation between residual stresses
and V,,;, values at each depth, it is necessary that the hypoth-
esis taken to derive Eq. (8), i.e., that the microstructure
presents a negligible effect on the V,,,;, should be true. In the
present study, it has been seen that the phase (ferrite and per-
lite) percentage, grain size, directionality, and microhardness
for the four samples in the analyzed depth (between 10 pum
and 140 yum) does not change significantly. In the literature,
it has been seen that the influence of the dislocation density
could be negligible comparing to the change of the residual
stresses in some materials.”'® Therefore, for the present
comparison, the hypothesis taken in Ref. 10, that the V,,,;, is
only influenced by residual stresses at each depth, is still
assumed.

Hence, if the V,,;, depth-profile results are compared
with the residual stress depth-profiles presented in Fig. 3 and
taking into account that tensile residual stresses increase the
MBN signal amplitude and that compressive stresses
decreases the MBN signal amplitude,”%'*'* it can be seen
that the shape of the V,,;, values as a function of the depth
and the shape of the residual stress depth-profiles show great
resemblance. In the region from 10 ym to 50 um (1st region,
marked by a green border in Fig. 8), the shapes of the V,,

rig
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FIG. 6. Knoop microhardness measurements in the cross section along the depth in samples (a) S1, (b) S2, (c¢) S3 and (d) S4. The average value and standard
deviation calculated from the four microhardness depth-profile patterns performed every 90° for each depth are shown.

values of all samples accurately match the residual stress
depth-profile, the V,,;, values increasing when the stress
increases toward more tensile (S1 and S3 in 50 um depth and
S2 in 30 um depth) and the V,,;, values decreasing when the
stress decreases to more compressive (S2 from 30 um to
50 um and S4 in this 50 um depth). From a depth of 50 um to
140 um (2nd region, marked by a red border in Fig. 8), the
Vorig values decrease when residual stresses do not decrease
or decrease faster than residual stresses do, and the resem-
blance to the residual stress is worse. However, in this
region, the relation between the V,,;, values of the different
samples match the relation between the residual stress values
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100+ I\
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of the samples at these depths: the stress values and the V,,,;,
values of samples S1 and S3 became similar after 100 um,
while the difference between samples S2 and S4 decreases
and samples S1 and S3 present higher V,,,;, values and more
tensile values than samples S2 and S4. Thus, it looks as
though all samples were multiplied by the same function that
depends on the depth and that the effect of the function has a
greater impact on the V,,;, values located at deeper depths.
The loss of resemblance between the V,,;, and the residual
stress depth-profiles for greater depths makes sense with the
error observed between the fitted and the measured MBN
magnitude spectrum [see Fig. 7(b)], which shows great
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FIG. 7. (a) MBN magnitude spectrum obtained by real measurement (continuous) and by the extended model of the MBN magnitude spectrum (discontinuous
line) for all samples. The discontinuous vertical line indicates the minimum frequency used in the fitting. (b) Relative difference for each frequency of the
MBN magnitude spectrum between the measured data and the data estimated by the extended model.
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difference in the lower frequencies, where the MBN emitted
at greater layers has a higher impact on the total value. The
deviation of the V,,;, depth profile from the residual stress
depth-profile could be due to the fact that some effects have
been oversimplified to obtain Eq. (8) such as considering the
emission of the MBN as a white noise (it is possible that it
would present a spectrum between the white noise and the
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Brownian noise spectra due to a magnetization rate lower
than predicted by parameter c) or taking the effect of the
MBN due to the exponential attenuation of the applied mag-
netic field dependent on the eddy current attenuation, to be
linear.

Therefore, it can be seen that the V,,,;, values obtained
with this approach have good qualitative resemblance with
the residual stress depth-profiles, especially in the first
50 um, and the relation between the V,,;, values and the
residual stress values is good at all the depths. Therefore, an
idea of the differences in the residual stress depth-profiles
between samples can be gained by only measuring the MBN
magnitude spectrum on the surface and applying the fitting
of the model proposed here.

3. Calibration and validation

In the present study, samples S1, S3, and S4 were used
to obtain the calibration functions and sample S2 was
employed for the validation of these functions. However, it
has to be emphasized that in the present case, choosing other
samples for calibration and validation does not change the
estimated residual stress depth-profile significantly. Figures
9(a), 9(b), and 9(c) show examples of calibration functions
for 20 um, 90 pm, and 130 um. The equations of these func-
tions [shown inside boxes in Figs. 9(a), 9(b), and 9(c)] are
obtained by matching the V,,;, values calculated from the
extended model at each x, depth (Fig. 8) to the residual stress
values at the same x, depth (Fig. 3), obtained from the
splines from the residual stress values measured by the
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FIG. 9. Residual stress versus the V,;, of samples S1, S3 and S4 (markers), calibration function (continuous grey line) and the equation of the calibration func-
tions (equation inside a box) on the depths of (a) 20 um (b) 90 um and (c) 130 um. (d) Coefficients of determination, R2, for the calibration functions obtained
at each depth. Error bars for each point represent the standard deviation of each measurement.
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combination of XRD measurement and electrolytic polish-
ing. All these functions have positive slopes; that is, an
increase in the stress causes an increase in the V,,;, values.
This is expected due to the relation between the MBN ampli-
tude and the stress, which produces higher MBN amplitudes
when the stress is more tensile.>'*'*!'> The coefficients of
determination, R2, of all the calibration functions obtained in
all the depths are represented in Fig. 9(d). It can be seen that
the coefficients of determination are above 0.98 for all the
depths up to 120 um, when it decreases to values around
0.85.

In order to validate if these functions obtained for each
depth, relating the expected residual stress with the V.,
value at each depth, are capable of estimating the profiles of
other samples and therefore to validate the proposed model
and approach, the V,,;, values of sample S2 (validation sam-
ple) are introduced in the equations representing the func-
tions of each depth to estimate the residual stress depth-
profile and then to compare this estimated depth-profile with
the residual stress depth-profile measured by a combination
of XRD and electrolytic polishing (see Fig. 10). It can be
seen that the estimated residual stress depth-profile obtained
from the surface MBN measurements is very similar to the
measured residual stress depth-profile for all the depths, with
an error of estimation smaller than 30 MPa from the surface
up to a depth of 90 um below the surface and at deeper
depths, up to 140 um, the deviations from the measured
residual stress values are smaller than 70 MPa.

In addition, in Fig. 10, the residual stress depth-profiles
measured by a combination of XRD and electrolytic polish-
ing and the residual stress depth-profiles estimated by the
calibration functions [the ones presented in equation form in
Figs. 9(a), 9(b), and 9(c)] with the values of the V,,;, for the
samples S1, S3, and S4 (used to obtain calibration functions)
are also shown.

These residual stress depth-profile estimations show
that the extended approach proposed in the present paper is
valid to estimate nonmonotonic residual stress depth pro-
files with an error smaller than 30 MPa, up to a depth of
90 um, and smaller than 70 MPa, up to a depth of 130 um
below the surface. The extended approach considers the

MBN correspond to the calculated val-
ues and the interpolations between these
points, respectively. Error bars for each
point represent the standard deviation of
each measurement.

hypotheses made in the bare Kypris-Jiles model and the new
ones: adding the effect on the MBN due to magnetic field
attenuation; defining the maximum depth analyzed (x,.;) as
1.8%6; selecting V,,,;, as the parameter representing punctual
changes in material properties; and doing a linear calibration
stage to relate the V,,;, with the residuals stresses at each
depth.

B. Comparison of estimated residual stress depth-
profiles with the bare and extended Kypris-Jiles model

When the same procedure was carried out but using the
bare Kypris-Jiles model [with x,; =0 as proposed in Ref.
10, 80 um in this material], worse results were obtained in
both qualitative and quantitative estimation of residual stress
depth-profiles. In Fig. 11, it can be seen that the V,,,;, depth-
profiles present a similar shape between each other, but do
not present any resemblance with the shape of the residual
stress depth-profiles measured by a combination of XRD and
electrolytic polishing (Fig. 2). Therefore, only from the V,,;,
depth-profiles obtained with the extended model (Fig. 8), it
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FIG. 11. MBN amplitudes emitted at the origin of different depths (Vg
depth-profile) for the studied samples obtained from the fitting of the bare
Kypris-Jiles model.
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FIG. 12. Residual stress-depth profiles of the samples obtained by XRD and
electrolytic polishing (XRD in legend) and residual stress-depth profiles of
the samples obtained using the bare Kypris-Jiles approach (Vg in the leg-
end). The markers and the discontinuous lines of the XRD correspond to the
XRD and electrolytic polishing measurement and the splines, respectively,
and the markers and dotted lines of the MBN correspond to the calculated
values and the interpolations between these points, respectively.

is possible to obtain qualitative information of the residual
stress depth-profile.

Furthermore, the estimated residual stress depth-profile
obtained after the calibration process on the validation sam-
ple (S2) obtained with the bare Kypris-Jiles model is very
different from the residual stress depth-profile measured by
XRD for all the depths, with an estimation error greater than
500 MPa, as can be seen in Fig. 12. This error is much larger
than the error of 70 MPa obtained with the extended model
up to 130 um (Fig. 10). Hence, it can be concluded that the
improvements introduced in the extended model are neces-
sary to estimate nonmonotonic residual stress depth-profiles.

V1. CONCLUSION

An extended approach based on the Kypris-Jiles model
of the Barkhausen magnitude spectrum is proposed to esti-
mate nonmonotonous residual stress depth-profiles. The
main change of the extended model is the addition to the
Kypris-Jiles model the effect of the attenuation of the mag-
netic field on the MBN. The V,,, depth-profiles (MBN
amplitude at different depths) obtained from fitting the
extended model of the Barkhausen magnitude spectrum to
the measured spectra, give qualitative information about the
residual stress depth-profiles independent of the shape of the
residual stress depth-profile, improving the results obtained
with the bare Kypris-Jiles model. Calibrating and validating
the V,,;, depth-profiles obtained with the extended Kypris-
Jiles model with the residual stress depth-profiles at each
depth, results in a good quantitative estimation of the resid-
ual stress depth-profiles up to 130 um, with an error smaller
than 70 MPa.

Therefore, the extended approach proposed in the pre-
sent study enables a nondestructive estimation of the nonmo-
notonous residual stress depth-profiles that could be applied
in-situ or in production lines. Moreover, this approach could
be valid for estimating other properties of the material along

J. Appl. Phys. 123, 033904 (2018)

the depth that influence the MBN amplitude. The application
of this approach in a wide range of applications where the
estimation of residual stresses via a nondestructive testing
technique is required is promising. It is also a starting point
for other applications, where not only residual stress depth-
profiles but also microstructure or hardness depth-profiles
need to be estimated, such as case hardening characterization
or microstructure gradients in laminated steel.
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