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Abstract The quality of the ball screw shafts used in the
aeronautical sector has to be controlled and certified with the
most advanced non-destructive techniques. The capacity of
magnetic Barkhausen noise (MBN) as anon-destructive tech-
nique to control the quality of ball screw shafts by assuring
the appropriate induction hardened layer depth and detect-
ing local overheated regions, known as grinding burns, which
may occur during grinding processes is shown in the present
work. Magnetic Barkhausen noise measurements were made
with a system designed and implemented by the authors
and the derived parameters were compared with microhard-
ness measurements made at various depths after the different
induction hardening treatments and the grinding processes
were applied. A multiparametric study of the MBN signal as
a function of the magnetic field in the surface of the sample is
done in order to estimate the thickness of the hardened layer
and to detect the grinding burns produced during grinding
processes. The hardened layer thickness can be character-
ized with an error of +200 pm in the range between 150
and 2500 pm by the position of the first peak of the MBN
envelope in terms of the tangential magnetic field measured
at the surface and the grinding burns can be detected with the
position of the second peak of the MBN envelope in terms
of the tangential magnetic field measured at the surface.
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1 Introduction

Electro-mechanical actuators (EMAs) are safety-critical
components of an aerospace system where an undetected
failure can lead to serious consequences. EMAs are basi-
cally equipped with a motor, a ball screw and the control
electronics. In order to improve the fatigue life of the ball
screw shafts, they are subjected to hardening treatment of
the surface, which produces a hard and wear-resistant sur-
face layer, while the inside of the part remains ductile. If
the depth of the hardened layer, known as “case depth”, is
not controlled a premature failure of the ball screw shafts
may occur. After the case hardening treatment, the ball screw
shafts are ground to achieve the final dimensions. During
grinding a non-desired local increase of the temperature can
produce a defect known as grinding burn. Depending on the
temperature reached during grinding, a relative increase of
the tensile residual stresses, a decrease in surface hardness,
or surface rehardening may occur. Any of these effects can
lead to a reduction of the service life of the part [1,2]. It
is therefore necessary to control both the correct hardening
treatment of the surface and the correct grinding of the work-
piece at 100% of production with a non-destructive testing
(NDT) technique.

Magnetic Barkhausen noise (MBN) was selected as a
quality control NDT technique due to its high sensitivity
to changes in microstructure [3—18] and residual stresses
[3,4,6-12,14,15,18] on the surface of ferromagnetic parts.
MBN is an electromagnetic technique consisting of the study
of the signal produced by the movement of the magnetic
domain walls inside ferromagnetic materials when a time-
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varying magnetic field is applied. In general terms, a decrease
in hardness increases the MBN signal amplitude and shifts
the peak position of the envelope of MBN to lower lev-
els of the applied field; while an increase in the hardness
decreases the peak amplitude and moves the position of the
peak towards higher levels of the applied field [3—7]. Sim-
ilarly, tensile stresses induce an increase in the amplitude
of the MBN, while compressive stresses decrease it [6,9—
11,15]. However, it has been reported that the position of
the peak is less sensitive to the variation in residual stresses
[9,14]. This technique is especially useful for the charac-
terization of these properties in the surface region between
a few tens of micrometers [18] and a few millimeters [3—
6,9,12]. Due to these characteristics, it has been observed
that the MBN signal can be used successfully to detect grind-
ing burns and to identify the intensity level of the grinding
burns [10,15].

On the other hand, different microstructural phases pro-
duce different Barkhausen signals. For example, ferrite
microstructures produce a strong Barkhausen activity located
at low magnetic fields, in contrast to martensite microstruc-
tures, which have low Barkhausen emission located at high
fields. Therefore, if the material comprises two different
phases, the MBN signal’s envelope can present a shape with
two peaks [3,4,6-9,12]. In surface hardened components,
where two layers of different phases are present (martensite
in the outer layer and ferrite, pearlite or bainite phases in
the core), if the outer layer is not too big and a high enough
magnetic field is applied, MBN information from both layers
reaches the MBN sensor located at the surface and then the
MBN envelope presents a two-peak shape. The first peak, at
lower applied voltage, is attributed to the magnetization in
the softer core [3,4,9] or to the transition zone between the
hardened surface and the softer core [5,6,12], and the second
peak occurring at higher applied voltage is attributed to the
magnetization in the harder near-surface layers. Depending
on the hardness of both phases and the distance from the
surface to the core material it is also possible to have over-
lapping peaks instead of separated ones [9]. In this sense,
it has been observed that the amplitude of the first peak
decreases gradually with the increase in the depth of the hard-
ened layer (case depth) up to a certain depth of the hardened
layer, where the first peak disappears [4,6,15,16]. This is
explained by the fact that MBN that passes through a ferro-
magnetic material is attenuated mainly due to eddy current
damping [3,4,7,8,12,19-21]. As a consequence, the ampli-
tude of MBN is governed by the following equation:

MBN (x) = MBNgexp */?, (D)
where MBN) is the amplitude of the MBN signal emitted at

its origin, x is the distance to the surface from the origin of
the signal, MBN(x) is the value of the MBN coming from
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distance x from the surface, and § is the skin depth of the
MBN signal calculated as:

[ 1
o= JTapdf’ 2)

where o is the electrical conductivity of the material, . is the
absolute magnetic permeability of the material and f is the
frequency of the MBN signal emitted.

The applied magnetic field is also attenuated as it passes
through the ferromagnetic material, not only because of eddy
current damping but also because of magnetic viscosity,
demagnetization and other effects [9,17, 19]. Due to the many
effects present, there is no equation that models this attenua-
tion, butit has been reported that the deeper the magnetic field
penetrates, the more it will be attenuated [9,17,19]. Hence,
in order to apply a certain magnetic field value at the material
at a greater depth, it is necessary to apply a higher magnetic
field on the surface than for the material located at smaller
depth. However, the attenuation of the applied magnetic field
has not been considered in the characterization of case depth
previously in the literature.

In the present work a multiparametric study of the MBN
signal is carried out in order to simultaneously characterize
the case depth of induction hardened ball screw shafts and to
detect possible grinding burns with a single MBN measure-
ment. Additionally, the characterization of the case depth is
done by considering the attenuation of both the applied mag-
netic field and the emitted MBN signal.

2 Experimental Procedure

In order to study the sensitivity of the MBN technique in
characterizing the induction hardened layer depth and grind-
ing burns, several ball screw shafts of 10 mm in diameter
and with a threaded length of 60 mm were machined and
heat treated by applying different induction hardening treat-
ments to the surface. Most of the ball screw shafts were
ground in normal conditions, but in order to study the capac-
ity to detect grinding burns, two different induction hardening
treatments (T3 and T12) were selected, and some ball screw
shafts were ground in normal conditions (OK) and for others
grinding conditions were changed in order to artificially gen-
erate grinding burns (Not OK). The feed speed, the grinding
depth and the amount of oil used as coolant were modified.
MBN measurements were performed using a system built
in the laboratories of the Ceit research center in collaboration
with the company Korta S.A. The excitation was produced
with a programmable function generator, a power ampli-
fier and an electromagnetic yoke made of a ferromagnetic
U core and a winding designed specifically to be adapted
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to the geometry of the ball screw shaft. Medium frequency
magnetization, whose amplitude is sufficient to generate a
MBN signal from the hard material of the surface, was used.
The induced electromotive force signal was measured with a
pick up coil placed above the surface of the sample, and after
filtering the low frequencies the MBN signal was obtained
and its envelope was calculated by moving root mean square
(RMS). The tangential magnetic field at the surface (H;) of
the ball screw shaft was measured by a Honeywell SS495A1
solid state Hall effect sensor placed above the surface of the
sample. The MBN envelope and the H; signals were stored
in a PC where they were processed. One cycle was acquired
every 1 mm along the helical path of the ball screw shaft.
Each cycle contains two MBN envelopes (the positive (from
—Himax to + Himax) and negative (from + Hipax to — Hymax)
branches of the excitation signal). The MBN envelopes and
the H; signals were averaged every 12 cycles. And from these
averaged MBN envelopes and H; signals the parameters stud-
ied in the following sections were derived and these will be
referred as processed parameters.

After taking the MBN measurements, Vickers microhard-
ness measurements were made on all the samples. They were
performed with aload of 1 kg in a shallow depth of 150 pm to
characterize the surface and every 200 pum at greater depths in
order to characterize the hardened layer. The case depth was
defined as the depth at which hardness falls below 50 HRC
[22]. The equivalent approximate Rockwell C hardness was
calculated according to the ASTM—E140 [23] standard.

3 Results and Discussion
3.1 Microhardness Measurements

For the sake of clarity, first the Vickers microhardness mea-
surement data are shown, despite having been taken after
the MBN measurements were performed. The surface hard-
ness values and the case depths for each ball screw shaft are
presented in Table 1 together with the grinding conditions.
Figure 1 shows the hardness profiles obtained in a subgroup
of the normally ground ball screw shafts after different induc-

Table 1 List of samples used in the present study, showing the number
of heat treatment and sample and the grinding conditions

Heat treatment Grinding Surface Case
and sample conditions hardness (HRC) depth (wm)
T1 S1 OK 50 150
T2 S1 OK 56 358
T3 S1 OK 58 519
T4 S1 OK 60 616
T5 S1 OK 60 661
T6 S1 OK 59 797
T7 S1 OK 58 799
T8 S1 OK 58 810
T9 S1 OK 60 812
T10 S1 OK 61 1056
T11 S1 OK 59 1152
T12 S1 OK 60 1250
T13 S1 OK 61 1361
T14 S1 OK 61 2383
T3 S2 Not OK 57 473
T12 S2 Not OK 54 1190
T12 S3 Not OK 59 1210

Surface hardness and case depth values for the ball screw shafts obtained
from microhardness measurements. Surface hardness is measured at
150 pm and case depth is considered as the depth at which the hardness
falls below 50 HRC

tion hardening treatments. It can be seen that ball screw shaft
T1 S1 presents the lowest case depth and much lower surface
hardness (50 HRC) compared with the other samples’ surface
hardness (56 HRC-61 HRC) which is due to an incomplete
heat treatment. Ball screw shaft T14 S1 presents a much
higher case depth (2383 jum) compared with the other sam-
ples’ case depth (150-1361 pm).

The hardness profiles obtained in the ball screw shafts
that were abnormally ground (Not OK) are shown in Fig. 2
together with the profiles of the ball screw shafts ground in
normal conditions (OK) from the same induction hardening
treatments (T3 and T12). The ball screw shaft T3 S1 (OK)
shows a hardness of HRC 58, when the ball screw shaft T3
S2 (Not OK) presents a surface hardness of 57 HRC and
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Fig. 3 MBN envelope signal as a function of the tangential magnetic
field (H;) measured on the surface of a representative point of ball screw
shafts machined in normal conditions

ball screw shafts T12 S1 (OK) has a surface hardness of 60
HRC, when the ball screw shafts T12 S2 (Not OK) and T12
S3 (Not OK) have a surface hardness of 54 HRC and 59
HRC respectively. Additionally, it is observed that the case
depth in the burned shafts does not change significantly with
respect to the normally ground ball screw shafts for each heat
treatment.

3.2 Case Depth Characterization by MBN

Figure 3 shows the MBN envelope as a function of the tangen-
tial magnetic field at the surface of the sample (Hy) obtained
on arepresentative point of normally ground ball screw shafts
T1 S1, T3 S1, T13 S1 and T14 S1. It can be seen that the
envelope of the MBN signal shows two distinct peaks. The
first peak provides information about the softer core mate-
rial while the second peak gives information about the surface
material, which is harder after induction hardening treatment
[3-6,9,12]. These peaks were parametrized by their ampli-
tudes (P1 and P2) and their positions in terms of H(H1 and
H2) as is shown in Fig. 3. Ball screw shaft T1 S1 presents
the largest P1 and the lowest H1 values and ball screw shaft
T14 S1 presents the lowest P1 and the highest H1 values. The
other ball screw shafts present intermediate values accord-
ing to their case depths, i.e. their P1 decreases and their H1
increases as the case depth increases from ball screw shaft
T1 to ball screw shaft T14. At the same time, P2 decreases in
the samples as the case depth increases, in the same way as
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shaft T14 S1 both of them are located at a depth greater than
1500 pm. The T13 S1 is the ball screw shaft with the second
largest case depth, which is smaller than 1500 pwm (Fig. 1).
Therefore, in ball screw shafts from T1 S1 to T13 S1, the
MBN signal from the first peak can be interpreted as coming
from the core, not just from the transition zone.

To study the case depth in the ball screw shafts in pro-
duction the parameters considered were the amplitudes of
the two peaks (P1 and P2), the relation between these ampli-
tudes (P2/P1) and the position of the amplitude of first peak
in terms of H;(H1). The H2 parameter was not considered
due to the little difference shown between the heat treatments
shown in Fig. 3. In Fig. 4a—d the parameters P1, P2, P2/P1
and H1 for each ball screw shaft are shown as a function of
their case depth, respectively. The points shown in the fig-
ures are the average values of the processed values of P1,
P2, P2/P1 and H1 along the helical length. The error bars on
each average point represent the standard deviation of these
measurements. Note the small scatter of the four parame-
ters along the whole thread of the shafts for the whole set of
induction heat treatments applied, especially on HI.

As the case depth decreases higher values of P1 (Fig. 4a)
are obtained, which can be explained by taking into con-
sideration that the attenuation due to eddy current damping
suffered by the MBN signal [18-21] emitted from the core
material is smaller as the MBN signal crosses through a
smaller thickness of material to reach the surface MBN sen-
sor [3-5,9,12]. Although an inverse linear trend is observed
between the P1 values and the case depth, the scatter of P1
values in ball screw shafts with similar case depth would yield
with the regression shown in the figure an error greater than
4500 pm in the case depth estimation. This makes the use
of this parameter impractical to characterize the case depth
with adequate precision. The high scatter of the peak ampli-
tudes for similar case depths has been shown before by other
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Fig. 4 Average values of parametersa P1,b P2, ¢ P2/P1,d H1 through-
out the useful length of the thread in the screw shafts machined in normal
conditions (x marker) with its standard deviation (error bars). In a, d
linear regression line (continuous line) and upper and lower 95% con-
fidence bounds (dotted lines) are shown

authors [3,4,9,15] and it was attributed to the high sensi-
tivity of the peak height to residual stresses present in the
material after heat treatment or manufacturing. In Fig. 4 b)
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Fig. 5 Envelope of the MBN signal as a function of the tangential
magnetic field (Ht) measured on the surface of a representative point
of the ball screw shafts ground in normal and abnormal conditions for
heat treatments a T3 and b T12

the amplitude of the second peak (P2) is shown. In this case
the relationship between the P2 parameter and the case depth
value is even poorer, as this parameter is influenced by the
case depth [3-5,12], the surface hardness [16] and residual
stresses [3,4,6,9,12,15], that can have effects on the param-
eter in opposite directions. The relation between P2 and P1
is presented in Fig. 4c). Although this relationship has been
reported to show the best correlation coefficients within these
three parameters in the literature [3—5], in the present case
it shows the worse correlation coefficient as combining two
parameters with high scatter only increases the dispersion.
In Fig. 4d it can be seen that H1 increases linearly as
the case depth increases. This may be explained by consid-
ering the attenuation of the magnetic field. As the applied
magnetic field is attenuated when penetrating through the
ferromagnetic material [9,17,19], if the core is at a greater
distance from the surface, it is necessary to apply a higher
magnetic field to the surface in order to achieve the same
level of magnetic field necessary to generate the peak of the
envelope coming from the core material. The peak position
was also analyzed previously by other authors, but instead of
considering the position of the peak in terms of the tangential
magnetic field, the position was determined as a function of
the magnetizing current [9] and no relationship between this
parameter and the case depth was found. The main reason
of the difference between the actual measurement of the tan-
gential magnetic field on the surface and the applied current
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is that their relationship is influenced by the magnetic dis-
tortion, studied recently by Moorthy [24], and according to
this, the relationship is influenced by the permeability of the
sample, which varies with the case depth, making the mag-
netic field to be differently distorted as a function of the case
depth.

Moreover, the HI parameter presents a very low scatter
and as a consequence it is possible to estimate the case depth
with only an error of around +200 pm. The difference with
the large scatter present in the parameter P1 is the low or
negligible effect that residual stresses have on the position
of the peak (H1) while the amplitude of the peak is very
sensitive to changes on stress level [6].

3.3 Grinding Burn Characterization by MBN

InFig.5a,bthe MBN envelopes as a function of the tangential
magnetic field at the surface of the sample (H;) obtained on
a representative point of the helical path of the ball screw
shaft thread for the normally ground (OK) samples and for
the abnormally ground ones, with grinding burns (Not OK),
are shown for the T3 and T12 heat treatments, respectively. It
is noted that regardless of the heat treatment there is no direct
relationship between the intensity of the grinding burn and
the amplitudes of the peaks or the position of the first peak.
However, the position of the second peak (H2) of the ball
screw shafts with grinding burn moves toward lower values
of H, and the amplitude of the envelope between the two
peaks increases, leading to a shape of a unique peak in the
ball screw shaft that has undergone the most severe grinding
burn (T12 S3, see Fig. 2). This is the result of the merge of
the first peak and the second peak due to the displacement
of the second peak to lower fields as a consequence of the
reduction of surface hardness which shifts the peak to alower
value of magnetic field [16]. The same effect can also happen
when the core material is so far away, that the first peak
moves too near to the second peak coming from the surface
[9]. Here the unique peak is used as the second peak for
the parameterization when identifying the grinding burns.
Hence, the parameter H2 can be used to separate the ball
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screw shafts with grinding burns from those ground in normal
conditions.

The processed H2 parameter obtained along the helical
length of the thread in the selected ball screw shafts from the
heat treatments T3 and T12 is shown in Fig. 6. The horizontal
continuous gray lines indicate the maximum and minimum
values of the processed H2 parameter for the whole set of
normally ground (OK) ball screw shafts (Table 1). For the
normal grinding conditions, the H2 parameter is not greatly
influenced by the different heat treatments or surface hard-
ness as all measurements are in the small range of H2 limited
by the gray lines. However, the processed H2 moves to lower
values of the H; in the ball screw shafts that have undergone
grinding burns independently of their surface hardness or
case depth. Therefore, the selection of control thresholds for
this parameter (shown as horizontal continuous red line in
Fig. 6) distinguish all the OK ground ball screw shafts from
those that have a grinding burn.

4 Conclusions

In the present work the characterization of the case depth
after the induction hardening of the surface and the quality
assurance that the part has not undergone a grinding burn have
been achieved through a unique non-destructive method of
measurement.

It has been demonstrated that the position of the first peak
in terms of the magnetic field, H1, derived from the envelope
of MBN is linearly related with the case depth in the range
between 150 and 2500 pwm and that it could be used to char-
acterize the case depth non-destructively with an accuracy
slightly smaller than +200 pm. Therefore, this allowed the
implementation of a non-destructive quality control system
in order to ensure that 100% of the ball screw shafts have the
necessary case depth.

Working with only one of the parameters derived from
the envelope of MBN, the position of the second peak, H2,
it can be determined whether a screw shaft has undergone a
grinding burn independently of the depth of the hard surface
layer.
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Therefore, by performing a single measurement of MBN

and a multiparametric study of the MBN envelope, it is pos-
sible to estimate the case hardening depth and detect possible
grinding defects in any region of the thread of the ball screw
shafts.
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