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Abstract Coated high-speed steel tools are widely used
in machining processes as they offer an excellent tool
life to cost ratio, but they quickly need replacing once
the coated layer is worn away. It would be therefore
useful to be able to measure the tool life remaining
non-destructively and cheaply. To achieve this, the work
presented here aims to measure the thickness of the
coated layer of high-speed cutting tools by using
Barkhausen noise (BHN) techniques. Coated high-
speed steel specimens coated with two different mate-
rials (chromium nitride (CrN), titanium nitride (TiN))
were tested using a cost-effective measuring system de-
veloped for this study. Sensory features were extracted
from the signal received from a pick-up coil and the
signal features, Root mean square, peak count, and sig-
nal energy, were successfully correlated with the thick-
ness of the coating layer on high-speed steel (HSS)
specimens. The results suggest that the Barkhausen
noise measuring system developed in this study can
successfully indicate the different thickness of the coat-
ing layer on CrN/TiN coated HSS specimens.
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1 Introduction

Coated tools are commonly used in machining processes
(e.g. titanium nitride (TiN) coated high-speed steel (HSS)
for gear hob cutters) as they offer longer tool life and
promote good machinability of the workpiece when com-
pared with uncoated tools [1]. During production opera-
tions assessment of the remaining coating depth of coated
tools could be helpful information for the machine oper-
ator to avoid using an excessively worn tool.

Tool wear measurements are also routinely taken when
conducting research in this area, for example in tool ge-
ometry [2, 3] or microstructural design [4, 5], or consid-
ering the role of different cutting conditions [6, 7]. A
number of different techniques are often used to evaluate
tool wear, irrespective of the surface treatment or coating
used, for example optical methods [8, 9], acoustic emis-
sion detection [10–12], ultrasonic testing [13, 14], and
thermal/infrared measurements [15, 16]. The cost and
characteristics of each technique should be considered in
order to ensure the best fit for a given monitoring purpose
and application.

Techniques reliant on the evaluation of the magnetic/
electromagnetic properties of the tools are less widely
used. One such technique, known as Barkhausen noise
(BHN), has been variously investigated with a view to
using it to assess material deformation, fatigue, grinding
burn evaluation, and interestingly for this work, the mea-
surement of case-depth. It has been found that BHN ac-
tivity (peak amplitude and signal energy) increases signif-
icantly with tensile stress, and decrease under compres-
sive stress [17]. As also found in Moorthy et al.,
Vincent et al. and Lindgren and Lepistö [17–19], BHN
can be used to classify the different stages of fatigue be-
cause BHN activity appears to increase in the first stage
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of fatigue, decreases in second stage, and increases again
in final stage. As BHN can also be applied in grinding
burn detection as found in the study of Moorthy et al.,
Wilson et al. and Sorsa et al. [20–22]. They used low and
high frequency measuring systems to detect grinding
burn. A single-peaked BHN profile obtained by high fre-
quency measurements can be well correlated with the re-
sidual stress change due to grinding burn.

Heat treatments such as carburising and induction harden-
ing are normally used to create a hard and a wear resistant
layer on top of the softer substrate. These processes can
change the metallurgical properties of the workpiece at a cer-
tain depth below the surface. In the case of a tool, the presence
of this layer is crucial to its performance, and therefore assess-
ment of the layer depth can be used to evaluate the remaining
life. Metallographic analysis, subsurface micro-hardness mea-
surement after cross-sectioning, and direct carbon content
evaluation by chemical or spectrographic methods, are nor-
mally used to evaluate the case-depth [23]. These methods are
destructive, are time-consuming to perform, and clearly can-
not be used to evaluate any progressive reduction in the case
depth 87 of a tool during its use [24]. This demonstrates the
need of a reliable and non-destructive method for the case-
depth measurement either online or offline between instances
of the tool being used.

Generally, the evaluation of case depth can be performed
by BHN measurement and based on the hardness difference
of the hardened case and the soft core of the material [25].
Several studies concluded that two-peaked BHN profiles
are obtained when the hardening depth is measured by
BHN technique [26–28]. It is found that the first peak at a
lower applied field strength corresponds to the soft core and
the second peak corresponding to the hardened case. The
ratio of these two peaks can be used to represent the case-
depth but the two peak profiles are not always found, as
reported by Moorthy et al. and Dubois and Fiset [27, 29].
Moorthy et al. also observed that the second peak cannot be
found if the case depth is too deep, and they suggested that
the two peak profiles can be found when the case depths up
to 1 mm, and then case depth can be determine by the ratio
of two peak heights [27]. To increase sensitivity of BHN
profile, Blaow and Shaw suggested that an increase of the
excitation field strength can increase the height of both
peaks. The peak at a higher field increases significantly
compared to one at lower field [30].

It is possible that the hardened surface undergoes a
decarburising process where the surface layer softens.
Conversely, a single-peaked profile transforms into a two-
peaked one where decarburisation occurs as reported in
Blaow and Shaw [31]. In addition, the height of the second
peak at higher applied field strengths increased with increas-
ing depths and the peak position shifted to lower field
strengths. According to Stapakov et al. [32], the root mean

square (RMS) value first increases, then followed by a de-
crease with an increasing depth of the decarburised layer.

The case-depth of many steel types treated by carburising
and nitriding was studied by Dubois et al. [29]. The BHN
technique was used to evaluate case-depth of carburised steels
(AISI 8620 and 9310) and nitride tool steels (AISI P20, D2,
and H13). They used the frequency spectrum to find the cor-
relation between the frequency content and case depth. The
results showed good correlation between BHN and hardening
depth values of the order of 100 and 1000 μm for carburised
steels, and 25 and 200 μm for nitride steels.

Wilson et al. applied magneto-acoustic emission (MAE)
and magnetic Barkhausen emission (MBE) to measure case
depth in EN36 gear steels [21]. This study showed that the
overall amplitudes of both MBE and MAE have a good rela-
tion with the case depth. They concluded that the peak ampli-
tude decreases with an increase of case depth. Santa-aho et al.
[33] observed the same relationship between the RMS value
and the case depth. They also proposed a new approach to
detect the case depth by using voltage and frequency sweeps
to evaluate the thickness of the surface layer. The BHN
magnetising sweeps technique was used to measure the
case-depth in hardened steel. The results from magnetising
voltage sweeps (MVS) were analysed and compared to the
case-depths from conventional method. It is observed that
the ratio of two voltage sweeps with different frequencies
produces a good estimation of the case depth. Drehmer et al.
[34] applied BHN measurement for estimating the case depth
of SAE 1020 steel. They used RMS Barkhausen pulse enve-
lope and fast Fourier transforms (FFT) to estimate case depths.
Successfully, the normalised power index (NPI) was proposed
to estimate case depths if the properties of the surface layer
and core are considerably different.

It appears that work investigating applications of BHN is
sporadic but there is enough to hypothesise that the technique
may be able to measure the presence of coatings if the char-
acteristic difference between the coating and the substrate can
be considered analogous to the difference between a case
hardened layer and soft core. Success may, however, be lim-
ited by the target material system being non-ferromagnetic
(the coating) paired with ferromagnetic (the substrate), rather
than a single ferromagnetic material with microstructural var-
iants (nominally the case hardened layer and the soft core).
That said, it is still a worthwhile endeavour to evaluate the use
of this non-destructive technique to monitor coated layer in
coated high-speed cutting tool as in a similar fashion to the use
of magnetic methods to measure case hardening.

This study aims to propose a suitable methodology for
measuring the coated layer depth of coated cutting tools using
BHN measurements. The relationship between BHN features
and the coating layer depth in the HSS specimens was studied,
as this is an important issue for future research on tool condi-
tion monitoring.
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2 Experimental setup and procedure

2.1 Specimen preparation

The specimens used in this study were manufactured fromM2
grade high-speed steel with the composition shown in Table 1.
The specimens had dimensions of 25 × 50 × 5 mm and were
coated with three different thicknesses (nominally 5, 10 and
15 μm) of either chromium nitride (CrN, silver colour) or
titanium nitride (TiN, gold colour), or left uncoated (Fig. 1).
The coated specimens were prepared by electron beam plasma
assisted physical vapour deposition (EBPA-PVD) and the pro-
cess temperature was 450 °C with 10 × 10−3 mbar of process
pressure. The thickness of coated layers were measured by X-
ray fluorescence (Fischerscope XRF) and were as listed in
Table 2.

2.2 Equipment

The experimental setup of the BHN measuring system devel-
oped for this work is shown in Fig. 2. A National Instruments
USB-6212 (a) was used for generating the exciting current
signal to a magnetic yoke (c) at specific exciting frequency
(fe) controlled by LabVIEW. This exciting signal was then
magnified by bipolar power amplifier (b) to gain current signal
up to 1A for the exciting coil (c)made from copper wire wound
around the Fe-Si lamination core. A current probe (d)was used
to monitor the exciting current, the actual current in the exciting
coil to determine the magnetic field strength (H) to the work-
piece, and also for damage prevention due to over current.

The magnetic flux from the excited coil flows through the
specimen via the yoke’s poles. A search coil or pick-up coil
(e), picks up the BHN signal from the specimen. The relative-
ly low level of BHN signal was gained by custom design
signal amplifier (f) to a suitable level for subsequent signal
processing. All signals were gained and filtered (g) before
processing the signals via a personal computer interfaced by
a National Instruments NI-9223 (h). Post signal processing
and feature extraction was performed by Matlab.

2.3 Experimental methodology/signal processing
and feature extraction

The applied current to magnetic yoke was varied from 0.1 to
1 A to induce different magnetic field strengths (H) to pass
through the specimens being examined. Then, the pick-up coil
detects the BHN signal. The BHN signal was sampled at 200
kS/s with 70 dB of amplification gain. The raw signal was first
filtered by high-pass filter at 1 kHz of the cut-off frequency to
remove unwanted frequencies. The signal of each measure-
ment was collected for 5 s. For the sensory feature extraction
process, the signals generated within two complete
magnetising cycles were used in the calculation; however, to

eliminate a contamination of other unexpected noises at the
beginning of a measurement, only signals collected after 1 s
were selected.

The typical BHN signal (in the time domain) received from
the pickup coil is shown in Fig. 3a, and the frequency band-
width of the BHN signal is in the range of 0.5–6 kHz as shown
in Fig. 3b where the exciting frequency was set at 5 Hz.

In this study, only time-domain features were extracted
from the selected signal, such as RMS, peak amplitude. In
addition, peak count and signal energy (area under peaks)
were also used as they could be used to indicate the intensity
of a burst signal like that from BHN. The peak count and
signal energy were calculated from the absolute signal ampli-
tude as shown in Fig. 4a. The peak points of the BHN signal in
Fig. 4b were counted if they are higher than the predefined
threshold value and defined as ‘peak count’. This feature was
also used in the studies of Vashista and Moorthy [19] but they
defined it as an ‘event’, and they used it to make an assessment
of residual stress in the surface ground component.

Signal energy, defined as the area under the peaks of the
absolute BHN signal amplitude over the fixed period, as
shown in Fig. 4a, and it can be calculated by a graphical
calculation method which also proposed by O’Sullivan et al.
[137]. However, it can also be easily determined by trapezoi-
dal numerical integration function in Matlab, and it was this
numerical method used in this study.

Throughout this work, multiple measurements (at least
three) were taken for each set of conditions (e.g. a particular
applied current and frequency combination) used to measure
each of the specimens listed in Table 2. These multiple mea-
surements were very similar and repeatable to each other, and
the data presented throughout “section 3” represents the sig-
nal(s) from one of these measurements and can be considered
typical for the stated condition-specimen combination.

Table 1 Composition (% by weight), HSS (M2)

Fe C Si Mn P S

Balance 0.78/1.05 0.20/0.45 0.15/0.40 0.03 0.03

Cr Mo Ni W V Cu

0.20/0.45 4.50/5.50 0.3 5.50/6.75 1.75/2.20 0.25

Fig. 1 CrN/TiN coated specimens with varying case-depth layer
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3 Results and discussion

3.1 The influence of exciting frequency on uncoated
high-speed steel specimen

To obtain the pick-up coil sensitivity and frequency response,
a sinusoidal waveform was used to excite the magnetic flux in
an uncoated HSS specimen, and the BHN signals acquired
from the pick-up coils were then compared. These preliminary
experiments were conducted in order to identify which exci-
tation frequency and signal feature(s) would provide the
highest likelihood of resolving any changes in the BHN signal
when examining the differently prepared specimens.

The BHN signal received from the pick-up coil is shown in
Fig. 5. The RMS value representing the signal amplitude of
BHN signal continuously increases after 0.2 A of applied
current and reaches the maximum values, and then decreases
gradually. The RMS profiles of the lower exciting frequencies
(Fig. 5a) are flatter than those of the higher exciting frequen-
cies. This means that using a lower exciting frequency pro-
vides a wider measuring range of the BHN signal. The RMS
values exhibit clearly-separated trends, while the peak ampli-
tude has a fluctuating pattern (Fig. 5b). This oscillating trend
of peak amplitude may be due to the interfering noises caused
by unexpected events which contaminates to the main BHN
signal such as an unexpected response of the electronics.

It is seen from Fig. 5 that the BHN signal induced by higher
exciting frequency offers higher signal amplitude, which is
represented by RMS and peak amplitude values (in the range

of 0.2–0.4 A). This is due to higher rate of change in
magnetisation and hence higher induced BHN voltage level.
Conversely, a low exciting frequency produces a low rate of
magnetisation and accordingly low induced voltage level re-
ceived by the pick-up coil. These results are consistent with
the finding of other studies [35], in which the high exciting
frequency produces a higher BHN signal level than lower
exciting frequency.

Comparing to different exciting frequencies in Fig. 5a, it
can be observed the maximum of RMS values well correlates
with the exciting frequency. Similar to the earlier studies that
the positions of the peak RMS values are shifted from high
values of applied current to low ones by an increasing of the
exciting frequency [35, 36]. For example, the peak values of
RMS profiles were found at applied currents of 0.7 A for 1 Hz,
0.5 A for 5 Hz, and 0.4 A for 10 Hz.

The completely-separated curve of BHN signal of each
exciting frequency can be found by using the peak count
and signal energy features (Fig. 6). The large number of peaks
and signal energy can be found in 1 Hz excitation although the
BHN voltage level is low.

It can therefore be concluded that the most useful features
used for indicating the coating depth could be RMS, peak
count and signal energy because they can well determine the
differences in a BHN signal under different exciting frequen-
cies in the range of 0.2–1 A, whereas peak amplitude can
indicate only during 0.2–0.3 A of applied current.

The coated HSS specimens were then measured by the
BHN system to investigate if the BHN measuring system
was capable of measuring the coatedHSS. In the first instance,
the coated HSS specimens (both CrN and TiN) with the
thickest depth (15 μm) were examined under different excit-
ing frequencies.

The signal features shown in Fig. 7 confirm that the BHN
signal in CrN/TiN-coated HSS can be detected by the BHN
measuring system.Where comparedwith the results presented
in Fig. 5, it appears that the BHN system can resolve the
differences between the uncoated (Fig. 5a) and the coated
HSS, through the value of features, the maximum value of

Fig. 2 Experimental setup

Table 2 Coated HSS
specimens used in this
study

Coating materials Thickness (μm)

CrN (5μm) 5.1

CrN (10μm) 10.9

CrN (15μm) 14.4

TiN (5μm) 5.0

TiN (10μm) 10.9

TiN (15μm) 14.4
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each feature in particular frequency, and the positions of those
maximum values.

In summary, the RMS, peak count and signal energy can be
used very well to indicate the differences between uncoated
and coated HSS for each particular coating material under
different exciting frequencies. The variations of those features
can probably indicate the thickness of coating layer.

3.2 Comparison of coating depth on CrN-coated HSS

As the RMS value of the BHN signal appeared to be one of the
most useful features to indicate the different thicknesses of the
coating material on HSS, four coating thicknesses at different
(increasing) exciting frequencies (Fig. 8a is 1 Hz, Fig. 8b is
5 Hz etc.) were first evaluated by the RMS values (Fig. 8).

Fig. 4 Typical BHN signal of
one burst a absolute amplitude
and b the location of peaks over
threshold value

Fig. 3 a Typical excitation voltage and the BHN signals in time domain, and b typical frequency spectra of BHN signals acquired using pick-up coil in
1–6 kHz range
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The BHN signal of all exciting frequencies can be found
after 0.2 A of applied current and the RMS values increase
significantly until reach the maximum point (defined as BHN
state I). The slope of the curve in this state correlates with the
exciting frequency in which low exciting frequency in Fig. 8a
provides low degree of slope (flatter), while high frequency
(e.g. Fig. 8e) have a steeper slope. The RMS profiles in this
state cannot be used to indicate the coating thickness because
the RMS values for each coating thickness are difficult to
distinguish. However, after reaching the maximum value
(BHN state II), the RMS profiles are clearly separated and
significantly oriented which could be used to indicate the
thickness of coating layer for exciting frequency fe = 5, 10,
15, and 20 Hz. In case of fe = 1 Hz, the low frequency exci-
tation induces deeper skin depth, therefore, a thin coating layer
does not have a significant effect on the BHN signal levels

(Fig. 8a). It can be clearly seen that the thicker coating layers
have higher RMS values and thinner layers have lower RMS.

The exciting frequency has an influence on measurable
range of the BHN signal. For example, the RMS feature can
be used to indicate the coating thickness where the applied
current varied between 0.6 and 1.0 A for the exciting
frequency = 5 Hz, while it can be only used from 0.5 to
1.0 A in case of 10 Hz. In Fig. 8, the most useful exciting
frequency appears to be 10 Hz because this frequency pro-
vides the largest measuring range (0.5–1.0 A) that can be used
for coating depth measurement in CrN coated HHS, and the
RMS profiles have more linearity than those in 5 Hz, which
offers the same measuring range.

Similarly, the results presented in Fig. 9 confirm that peak
count and signal energy features of 10 Hz can also be used to
indicate the coating depth layer, while the peak amplitude

Fig. 5 BHN signal under different exciting frequency a RMS and b peak amplitude

Fig. 6 BHN signal under different exciting frequency a peak count and b signal energy
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(Fig. 10) is unusable for indicating the difference of coating
thickness due to unexpected noise. It is speculated that unex-
pected background noise or malfunctioning of the electronics
in the measurement system would result in peak amplitude of
BHN signal.

In conclusion, the effective magnetising conditions used
for the propose BHN system in order to indicate the thickness
of coating layer in CrN coated HSS are 10 Hz of exciting
frequency and the applied current from 0.5 to 1 A. The effec-
tive features used to indicate the thickness of coating layer are
RMS, peak count and signal energy.

3.3 Comparison of coating depth layer on TiN coated HSS

As in Fig. 8, Fig. 11 compares the RMS profiles of each
exciting frequency for tests using TiN coated HSS. Similarly
to the CrN coated specimens in Fig. 8, the RMS profiles are
separated where the exciting frequency is greater than or equal
to 5 Hz, but the separation is not in the expected order except
for fe = 20 Hz.

The RMS profiles of each thickness in Fig. 11e have the
correctly ordered separation from 0.2 A of applied current. It
can also be confirmed by the peak count and signal energy
features in Fig. 12 that this exciting frequency can be used to
indicate the different thicknesses of TiN coated HSS. As be-
fore, it is important to note that the effective range of TiN
coating depth measurement is quite specific and in the condi-
tion that applied current varies from 0.3 to 0.5 A, and the
exciting frequency is equal to 20 Hz.

From the results, it can be concluded that the high exciting
frequency offers very sensitive to near surface properties as
offering a shallow skin depth due to the effect of lower mag-
netic field penetration and higher attenuation. Consequently,
the coating layer will have a strong effect on the field

penetration and the BHN signal, and accordingly the BHN
signal, which has good correlation with the coating depth,
can be detected in this case. In case of low frequency excita-
tion, a thin coating layer would not significantly affect the
BHN signal level since low frequency excitation induces
deeper skin depth. Therefore, the variation in near surface
properties does not have a significant effect on the BHN signal
generation.

3.4 Evaluation of proposed methodology

From these results, it is shown that it is feasible to use the
Barkhausen noise technique for measuring the coating depth
layer on coated HSS cutting tools, especially the TiN coated
HSS that is commonly used in gear hob cutters. It is likely that
similar results could be achieved with any ferromagnetic ma-
terial, but the inherent limitation to these types of materials of
a BHN based measurement system prevents its use more
widely (e.g. outside of traditional tool materials). That said,
if a characteristic signal from a non-ferromagnetic material
could be measured similarly, it would be worthwhile using
the methodology presented here.

Although the BHN profile curves for the different coating
thicknesses were clearly separated and reproducible, because
they are non-linear it is a limitation of the work that these have
to be considered relative values of coating depth and not ab-
solute measurements (e.g. 5 μm has been measured to be less
than 10 μm, rather than being absolutely 5 μm). Although the
measurements were compared with XRF derived data, further
work is required to evaluate the smallest difference in coating
depth that the BHN technique can resolve and to then validate
the BHN derived coating depths through comparison with
direct measurement techniques that can produce absolute
values (e.g. metallography).

Fig. 7 RMS value measured from a CrN-coated HSS and b TiN-coated HSS
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Fig. 8 RMS value of BHN signal measured from CrN coated HSS at a 1, b 5, c 10, d 15 and e 20 Hz
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Although this BHN measuring technique has initially been
developed to be performed offline during tool change/selec-
tion, this non-destructive and quick measuring method can
reduce the production costs due to rejected parts caused by
tool breakage (e.g. from the unknowing use of an already
worn tool that has a remaining tool life less than the planned
process) and can also reduce the time lost through unplanned
tool replacement during production. The three sensory fea-
tures of BHN signal in the effective range are monitored both
before and after use the cutting tool to know the current coat-
ing condition. It is helpful for the operator to be aware when
the tool is in highly used condition and avoid using the weak-
ened tool.

Any online, factory ready system developed from the work
presented here would need to consider how to repeatedly take

useful measurements of the tool considering the potential un-
certainty in tool position if the tool is to be moved to a known
‘safe’ (from chips, coolant) location within the machine for
measurement, or the influence of a measurement system inte-
grated into the tool holder on the performance of the tool (tool
path, chip formation, coolant, chatter suppression etc.). For
the system to be used for a process using multi-point tools
consideration would also need to be made towards ensuring
the same part(s) of the tool were subjected to the
measurement.

4 Conclusions

The conclusions of this work were as follows:

& A novel magnetic measuring system based on BHN tech-
nique can be used to measure the coated layer of high-
speed cutting tool as in a similar fashion to the use of
magnetic methods to measure case hardening.

& The proposed BHN system can successfully indicate the
thickness of CrN coated HSS where the exciting frequen-
cy is equal to 5, 10, 15 and 20 Hz, while only 20 Hz
excitation can be used to indicate the thickness of TiN
layer coated on HSS specimen.

& The most significant BHN feature used in this study are
RMS, peak count, and signal energy, which are extracted
from the BHN signal after the RMS profile reach the max-
imum point. These features can be used individually to
indicate the thickness of coating depth very well.

To increase the reliability of the results, the use of multiple
BHN features can improve the result accuracy, which is the
key concept of the data fusion. As the BHN measurement is

Fig. 9 BHN signal of CrN coated HSS a peak count and b signal energy

Fig. 10 Peak amplitude extracted from BHN signal of CrN coated HSS
at fe = 10 Hz exciting frequency
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Fig. 11 RMS value of BHN signal measured from TiN coated HSS at a 1, b 5, c 10, d 15 and e 20 Hz
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repeatable and considered as accurate and very fast method,
the application of BHN technique for coating depth evaluation
will be an important issue for the future research on tool con-
dition monitoring.
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