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Abstract. The important development of surface treatment entails a growing need of
characterization and control means of their quality. Traditional techniques (hardness,
microhardness measurement), are not answering to this need in terms of speed and
cost of implementation. " Zero defect " implies a control of 100% of the production,
and destructive methods are then prohibited. The technique of the Barkhausen Noise
gives a reply to this demand. This is why a technical group from CETIM, bringing
together some gears manufacturers, has launched an action on the theme of the case
hardening, the objective being to develop a method of characterization of the
hardening layer depth in dentitions of gears with an accuracy of 0.15 mm, robust
enough for not being disturbed by variations of the processing (superficial hardness,
residual austenite, stress profile, etc ...). The first results are encouraging. In the
same way, this technique has been developed in the framework of an other technical
group from CETIM "Engines - Compressors" with the objective of controling the
stress state in motor components. After a successfull feasibility, an industrial
prototype has been developed allowing to undertake automatic analysis of stresses in
different directions.

1. INTRODUCTION
To respond to the strongly expressed needs of several mechanical professions (bearings,
gear systems, engines/compressors/turbine, thermal and surface treatment, etc.), CETIM
has committed itself, with the support of many industrial concerns, to new industrial
development projects. Parallel to these developments, it has also associated itself with
university laboratories in order to develop fundamental research with the aim of better
understanding and better managing the techniques used. Among the latter, ferromagnetic
noise, or Barkhausen noise, holds a special position. This technique, which has been
studied and used in laboratories for several decades, is not as mature as its competitors,
which are based on norms, specifications and other standards.
Although the double sensitivity of this technique (microstructure & stress) is of interest
since it promises many fields of application may also have delayed its development due to
the difficulty of "sorting" the data. Currently, although this phenomenon has not been
completely explained by the laws of physics, acquired knowledge nevertheless enables it to
be used as a Non-destructive Evaluation technique. The fields of application are the
characterisation of the metallurgical state (steel, thermal treatment, surface treatment),
measurement of stresses (applied or residual), and the estimation of the degree of damage
of the materials. Lastly, the advances made over recent years firstly in terms of knowledge
of physical phenomena and secondly of management of instrumentation now let it be hoped
that the Barkhausen Noise technique may emerge from its slightly mysterious image - as a
chimera or universal remedy - and instead be opened up to promising industrial prospects.
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2. Principle of Barkhausen Noise technique
In 1919, when he published the description of a magnetism experiment, H.G.
Barkhausen was certainly far from imagining that he would give his name to a physical
phenomenon behind a method for Non-Destructive Evaluation of materials. Since the first
study of the magnetic properties of bodies by Pierre Curie in 1895, magnetism has formed
part of the research work of materials physicists, at the start of the 20th century, who were
seeking to understand the atom and its properties. In 1907 Pierre Weiss then introduced the
notion of grouping into domains within matter. Félix Bloch explained the structure of the
transition zones between two adjacent domains by the walls which bear his name (1932).
By showing the discontinuities of the magnetisation process in the form of an audible noise,
the Barkhausen experiment [1] is the first indirect demonstration of "Weiss domains" and
"Bloch walls" [2].
2.1. Understanding the technique
The magnetic properties of a material are described in terms of "magnetisation
processes":
At the macroscopic level, it is represented by the "hysteresis cycle". At the microscopic
level, it is represented by the "Barkhausen Noise". The two representations cannot be
dissociated, and the Barkhausen noise forms an integral part of the hysteresis cycle. Thus,
carrying out a very accurate observation of the hysteresis graph a succession of steps may
be noticed (figure 1). Each of them results from a sudden movement of a Bloch wall.
To explain this discontinuous character, one must imagine the interaction of the
crystalline and magnetic microstructures. Crystals may contain a large number of
imperfections: precipitates, dislocations, grain boundaries,…; in general, everything which
can affect the perfection of the crystalline network.

B

Signal
Enveloppe
H

Signal Barkhausen
brut

Figure 1: Hysteresis loop and Barkhausen noise

When it arrives at a cristalline defect, the Bloch wall will become blocked and remain
anchored. If the applied field increases, the wall will be detached suddenly and moves as far
as a new defect. The sudden movement of the wall then causes a local flux variation that
leads to a Barkhausen pulse. The Barkhausen Noise is thus a high-frequency noise which
will be generated by the movements of the walls.
2.2 Sensitivity to the microstructure and to stress
The capacity of defects to "block" a magnetic wall depends on their nature, and on the
interaction energy existing between them and the wall. This interaction between the
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crystalline microstructure and the magnetic properties is at the base of the applications
developed in the field of characterisation of materials [3].
The energy balance of a magnetic material also depends on another energy, called
magnetoelastic energy, which is related to the magnetostriction property [5]. This property
causes a lengthening of the material in the direction of the magnetisation if it is
magnetostrictive positive (case of iron), or a shortening if it is magnetostrictive negative
(case of nickel). In the case of a stress measurement, the reverse effect is of interest to us:
Apply a stress to this same material, and the magnetic microstructure will then be modified!
Stress thus intervenes directly, as previously described. However, it is important to recall
that this stress is the one which is effectively "seen" by the magnetic domains. It is not
necessarily the applied stress; an internal stress causes the same effect. This extends still
further the field of application of these techniques, and opens up new perspectives [4][6].
3. Checking the quality of hardening in gear Systems
3.1. Context and goal
The problem of non-destructive measurement of surface thermal and thermochemical
treatment depths still remains a major preoccupation for mechanical industrial companies.
Interesting solutions have been proposed, implementing ultrasound or Eddy current
techniques. Although these techniques appear effective for checking treatments of the
surface hardening type, they remain difficult to apply to the specific and difficult case of
case-hardening and nitrogen hardening. Currently, the most promising developments use
the Barkhausen noise analysis.
At the request of a number of gear manufacturers, a working group meeting at CETIM
has initiated a research action on this subject, the aim being to validate the method of
checking by Barkhausen noise under industrial conditions in relation to gearwheels.
Specifically, we are seeking to give a ruling on the capacity for checking in order to
arrive at an industrial system project capable of evaluating the case-hardening depth in gear
dentitions to the nearest 0.15 mm, which is sufficiently robust not to be disturbed by
tolerated variations of the treatment (surface hardening, residual austenite, stress profile,
etc.), and which is also capable of detecting other non-conformities of treatment such as, for
example, excess austenite, superficial decarburisation, presence of carbides, etc.
3.2. Methodology and control equipment
We start by designing and producing a local sensor based on the principle of local
magnetisation and detection, which is unique for all the gearwheels in the module superior
to 2.5, including those with helical dentition, and which is suitable for case-hardening,
going as deep as 2 mm.
The measurement equipment enables a magnetisation variable to 0.5 Hz to be generated,
and the Barkhausen noise to be detected within a frequency range of several hundred
kilohertz. We then calibrate the method in relation to a series of gearwheels made of
17CrNiMo6-4 of module 3.75 with 4 separate case-hardened depths (between 0.4 and 2
mm) having previously been duly characterised by measurement of micro-hardness (figure
2).
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Micro-hardness profile of 18NCD6 gearwheels
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Figure 2: Measurements of micro-hardness obtained in relation to the
4 case-hardened depths of the M3.75 gears made of 17CrNiMo6-4

The Barkhausen signals obtained show, depending on the case-hardened depth, 3 more
or less pronounced peaks. According to additional analyses, the central peak, with a
dominant amplitude, is principally related to the structure of the core, and is thus called the
"bainite" peak. The peak located to its right seems to derive from the surface structure, and
is thus called the "martensite" peak (figure 3).
Finally, the analysis application associated with the equipment calculates the parameter
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Figure 3: BARKHAUSEN signals obtained in
relation to the 4 case-hardened depths of the
17CrNiMo6-4 gearwheels
(the colours match those used by figure 2)
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named HR23, which is characteristic of the relative variations between the two peaks for a
given case-hardened depth. The calibration graph thus obtained in relation to 17CrNiMo6-4
gearwheels is perfectly linear with the case-hardening depth obtained by measurement of
micro-hardness (figure 4).
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Using this calibration graph, we validated the method in relation to some forty gearwheels
of different natures (20NiCrMo2-2, 20MnCr5, 20NiCr5-4, 17CrNiMo6-4, 16NCD13,
16NC6) and different sizes (M2.5 to M18).

Figure 4: Calibration graph representing the linear relationship between the Barkhausen noise parameter and
the case-hardened depth

3.3. Summary of first results obtained
3.3.1. Influence of steel grade
Figure 5 shows a result obtained on test pieces: the correlation between the parameter of
the Barkhausen noise and the case-hardened depth obtained by measurement of microhardness when the 6 different grades of steel are mixed, notable dispersions appear.

Figure 5 : Correlation of Barkhausen Noise with hardening depth on 6 different grade of steel (A =
20NiCrMo2-2, B = 20MnCr5, C = 18NiCr5-4, D et E = 17NiCrNo6-4, F = 16NCD6)
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This result shows that the grade of steel has an effect on the Barkhausen noise response.
It causes neither the relevant parameter (always HR23) of the noise, nor the nature of its
correlation with the case-hardening depth, to change: it merely modifies the gradient of this
correlation. Certain grades can use the same calibration graph; others require one graph per
grade.
3.3.2. Influence of resurfacing
According to the results currently available, it appears that the checking method
developed is sensitive to resurfacing of the dentition: the latter causes the amplitude to be
increased and slightly displaces the peak towards the weak fields, as shown in figure 6.
The same noise parameter (HR23) and the nature of the correlation with the casehardened depth are retained, but the value of the gradient changes. At the present time we
cannot say whether it is necessary to calibrate the method twice when the gearwheels must
be checked before and after resurfacing.
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Figure 6: Effect of resurfacing on the
series of 17CrNiMo6-4 gearwheels with 4
different depths (0.4, 0.6, 1 and 2 mm
from left to right and from top to bottom).
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3.3.3. Influence of the rate of residual austenite
We have observed that when the rate of residual austenite varies between 5 and 30% the
effect on the measurement of the case-hardened depth is negligible. But when it is over
50%, the shape of the signal changes greatly and it can be detected visually, as shown in
figure 7.
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Figure 7: The Barkhausen response on several
module 4 and 5 gearwheels made of 20MnCr5
and 18NiCr5-4. The blue signal represents the
gearwheel with 55% residual austenite;
the others are under 30%
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We hope to be able to define another criterion to detect an excess of residual austenite
independently of the measurement of the case-hardened depth.
3.3.4. Influence of residual surface stresses
According to a small number of tests, we have observed that the checking criterion
developed for the case-hardened depth may be used as long as the residual stresses remain
less than 300 MPa under compression.
Conversely, when the levels of compression stresses change from a few hundred to a
few thousand MPa (due to shot blasting), the Barkhausen signal changes significantly
(figure 8), the determination of the depth according to the above criterion is distorted and
there is an under-estimation of this depth.

Intensity of Barkhausen signal (V)

Applied field H (ua)

Wheels made of 17CrNiMo6-4 case-hardened
to 0.8mm
T1 without shot-blasting
T1G3 with average shot-blasting
T1G1 with high shot-blasting

Figure 8: Variations of the Barkhausen signal before
and after shot-blasting (red: before shot-blasting with
maximum residual stresses of around –300MPa. Green
and blue: after shot-blasting with maximum residual
stresses of around –1300 MPa)
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3.4. Conclusions
This first work addressed at manufacturers of gearing systems have led to the production
of a sensor adapted to the geometry of the gearwheels, the module of which is under 2.5,
and to the definition of the optimum conditions for excitation and detection of the signals. It
has allowed a determination of part of the conditions for use of the technique of Barkhausen
noise in characterising the case-hardening depth, i.e. the influences of the various
production parameters, such as the grade of steel, the resurfacing of the dentition, the rate
of residual austenite, the profile of the residual stresses, the presence of carbides, etc. The
method is, indeed, currently calibrated in relation to grade 17CrNiMo6-4; the validations in
relation to gearwheels of this same grade show that the accuracy of 0.1 mm in relation to
the case-hardening depth is attained provided there is no excess of residual austenite and
compression stresses exceeding thousands of MPa. It also enables an excess of residual
austenite greater than 50% to be detected easily.
In light of these first encouraging results, other mechanical professions have joined the
working group (Thermal treatment, Engines-Compressors, Bearings) and the work is
currently progressing in several directions:
- miniaturising further the size of the sensor for modules of under 2.5;
- obtaining calibration graphs in relation to grades of steel other than 17CriNiMo6-4;
- analysing in greater detail the influence of the residual stresses, particularly when
resurfacing of the dentition is concerned.
We hope shortly to start validating the checking prototype directly in the production shops.
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4. Checking Stress State in engine components
4.1 Context of the study
Control of the level of residual stresses in mechanical components is a major issue,
particularly in respect of the fatigue properties of parts. CETIM's "Motors-Compressors"
committee, which is fully aware of this problem, has initiated a professional action guided
by the company SEMT Pielstick, a designer and manufacturer of high-powered diesel
engines. The results of this study presented in this section show the ability of the
Barkhausen technique to measure a stress state in materials of the spheroid graphite cast
iron type, used for example in cylinder heads or engine frames.
After a development of a specific sensor to this application, tests on pieces subjected to
traction and compression stresses enabled the technique to be validated and its sensitivity to
stress to be determined. Measurements were then made on cylinder heads, at different
stages of their production. It was possible to demonstrate the notable reduction of residual
stresses by thermal stabilisation treatment. Potential advantages of this method are its nondestructive character, satisfactory portability on site, and ease of use.
4.2 Tests on test specimens
4.2.1. Description of tests
The materials studied are different grades of spheroid graphite cast iron, ferritic matrix
cast iron, hypoeutectoid matrix cast iron, and perlitic matrix cast iron, covering most of the
applications in the profession. Five grades were introduced in the experiment plan, from
grade EN-GJS 400-15 (Rm = 443 MPa) to grade EN-GJS 700-2 (Rm = 805 MPa).
The tests consist in submitting the test samples of parallelepipedic shape to an applied
traction or compression stress, from – 160 MPa to + 160 MPa, in 20 MPa steps. The
Barkhausen characterisation is undertaken under load. The tests were undertaken in the
CETIM Senlis materials laboratory.
- Traction tests: Dimension test specimen: 12 * 50 * 250 mm3; traction machine of
capacity 150 KN.
- Compression tests: Dimension test specimen: 30 * 50 * 150 mm3 machine of capacity
250 KN equipped with compression plates.

Figure 9: Device for experimental
measurement of the Barkhausen noise
(inductor winding + receiver coil),
mounted on traction test piece
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4.2.2. Analysis of results
The developed signal acquisition and analysis tools make it possible to research the
effect of the stress applied by two methods:
- Influence of stress on the time-frequency representation of the Barkhausen noise: Under
the measurement conditions of these tests, it is observed that the spectral content of the
recorded Barkhausen noise does not change under the effect of the stress.
- Influence of stress on the parameters characteristic of the time representation of the
Barkhausen noise: After analysis of the main parameters describing the envelope graph
of the Barkhausen noise, we shall retain the Amplitude parameter, which appears to be
the one most sensitive to stress.
Figure 10 summarises the amplitude variations observed in relation to the five grades of
SG cast iron, for applied stresses varying from –160 MPa to + 160 MPa; The measurements
are made twice, once at application of the load, a second time at removal of the load.
Figure 10: Relative change of the amplitude of the Barkhausen noise
as a function of the applied stress, for 5 types of cast iron
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The effects of stress on the relative variations of the amplitude of the Barkhausen noise
show that this technique is applicable to this type of material. By obtaining variations of
over 20% of this parameter for applied stresses of +/- 160 MPa, this measurement becomes
relevant, particularly since this variation is relatively linear.
4.2.3. From measurement on test specimens to measurement on a structure... A step which
must be taken
When a sensor is applied to a structure of complex shape, having undergone a
manufacturing cycle incorporating many more or less controlled effects, the operator is
entitled to ask themselves two essential questions: What material comprises the examined
zone, and how can any sought residual stresses be oriented ? In the case of SG cast irons,
tests on pieces have made it possible to demonstrate that the microstructure effect is not
negligible in relation to the Barkhausen parameter used, and could mask the influence of
the applied stress. As for the orientation of the stress under study, it may depend on many
parameters (shape and thickness of the part, arrangement relative to the coolers, etc.).
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It seems inconceivable to characterise by a simple Barkhausen measurement the
microstructure and stress factors at a given point of a structure. Nevertheless, since the goal
of this study is to develop a tool for evaluating residual stresses, CETIM has applied a
methodology which consists in making, for a given point, multiple measurements by
applying magnetisation in different directions relative to the axis of application of the
stress. By this means, it is then possible to estimate a residual stress state. This latter
principle will be applied in the remainder of the work, in relation to cylinder head type
structures.
4.3 Tests on cylinder heads
The company SEMT Pielstick, which is highly pro-active in favour of professional
action, in partnership with the company FOCAST, a subcontracting producer, made
available for Barkhausen measurements 18 cylinder heads of type PA6, made of SG cast
iron. After casting of the parts and cooling, this type of structure is assumed to contain a
high level of residual stresses. Thermal stabilisation treatment, also called the stress
relieving operation, is intended to eliminate, or at least greatly reduce, the level of these
residual stresses.
Insufficient stress relief of the part may have deleterious consequences during the
remainder of the manufacturing process: Deformation of the part during machining, poor
assembly, etc., and can also cause problems when the engine is in service: cracking,
breakage, etc.
Controlling this stress relief operation is thus of major interest for the engine manufacturer,
which will commence the process of manufacture only using parts which are compliant in
terms of residual stresses. Two series of measurements were undertaken, a first after the
parts were cast, cooling and shake-out, the second after thermal stabilisation treatment.
4.3.1. Description of the cylinder heads
The 18 tested cylinder heads have different characteristics:
- 14 have a normal shake-out time;
- The 4 remaining cylinder heads have a shake-out time 3 times as long;
- The cylinder heads come from 4 different casts;
- One cylinder head did not undergo thermal stabilisation treatment.

2
110 mm
1

3

4

Figure 11: View from above a cylinder head – Positioning of the 4 Barkhausen measurement zones
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4.3.2. Measuring device
A measuring device has been developed to satisfy the two following requirements:
Incorporating the specifications selected during the test phase on test pieces, and taking
into account the observations resulting from these tests. For each point, the device
enables notably measurements to be made by applying magnetisation in different
directions relative to a predefined axis,
- Allowing the measurements to be made in an industrial environment, requiring
reliability, robustness and speed of execution.
The measurement resources used enabled over 2800 Barkhausen signatures to be
accomplished, throughout the testing campaign. A complete measurement in relation to a
given zone takes approximately 2 minutes.

-

Figure 12: Measurement prototype for measuring the Barkhausen noise used on site – Display screen

4.3.3. Results
Four zones were characterised in relation to each cylinder head; Each Barkhausen
characterisation is represented by a graph consisting of the amplitude of the Barkhausen
signal as a function of the position of the inductor winding relative to the radius.
4.3.3.1. Measurements before thermal stabilisation treatment.
Figure 13 represents these graphs for point L1 of each of the 18 cylinder heads, before
thermal stabilisation treatment.
Several observations can be made following the measurements made before thermal
stabilisation treatment:
- points L1, L2 and L3 have quite similar Barkhausen profiles, characterised by a
maximum amplitude for a 75° angle, a minimum amplitude at 165°.
- A variation amplitude of around 30% between the minimum value and the maximum
value is observed.
- Point L4 is distinguished from the three previous ones by a lower variation amplitude,
of around 12%.
- The time during which the cylinder heads are kept in the moulds (shake-out time,
varying in a ratio of 1 to 3) does not notably modify the Barkhausen measurements,
Casting has no influence on the Barkhausen measurements.
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Figure 13: Amplitudes of Barkhausen signals, as a function of the angle
between magnetisation and the radius, for 18 cylinder heads, point L1

4.3.3.2. Measurements after thermal stabilisation treatment.
Seventeen of the eighteen cylinder heads then underwent thermal stabilisation treatment,
the function of which is to reduce the level of residual stresses. For the sake of comparison,
cylinder head c787 did not undergo this treatment. The Barkhausen measurement
conditions are identical to the measurements made before stabilisation;
Figure 14 represents the Barkhausen profiles for the 18 cylinder heads (measuring point
L1). It demonstrates the effect of stabilisation in relation to the recorded Barkhausen
profiles: Whereas the latter had substantial variations before stabilisation, they become very
flat after thermal treatment.
Cylinder head c787, which was not stabilised, is distinguished from the other 17 by high
variation amplitudes (discrepancy between Barkhausen maximum and minimum, when the
angle between the magnetisation axis and the cylinder head radius varies). If one takes the
average of the variations in relation to the 4 measurement points, the variation amplitude is
approximately 4 times higher than for the stabilised cylinder heads, and twice as high as the
"strongest" of the stabilised cylinder heads.
If the effect of the stress and amplitude of the variations of the Barkhausen Noise are
linked directly, it is possible to interpret the "flattening" of the Barkhausen profile as a
consequence of reducing the levels of residual stresses.
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Figure 14: Amplitudes of the Barkhausen signals, as a function of the angle between the magnetisation axis
and the radius, for 18 cylinder heads, point L1 (Cylinder head C787 undergoing no stress relief)

4.3.3.3. Measurements made along a radius
In relation to cylinder head c778, additional measurements were made along a radius.
The points which were characterised are located at distances 45 mm, 55 mm, 65 mm, 75
mm, 85 mm, 95 mm, 105 mm and 110 mm from the centre of the cylinder head. A notable
variation of the Barkhausen profiles is recorded as a function of the position of the
measurement. Figure 15 shows that the position of the Barkhausen maximum changes
according to the position of the measurement: Whereas the maximum is located in a
direction perpendicular to the radius (90°) for a distance to the centre of 110 mm, it is
located at an angle of 20-25° for a distance of 85 mm, and then increases again for a
distance of under 55 mm. This could be due to the shape of the part, which might influence
the direction of the residual stresses.
The same measurements were made after thermal stabilisation treatment. Just as for the
previous analyses in relation to all the cylinder heads, it is observed that the effect of the
stabilisation influences firstly the maximum amplitude of the Barkhausen signal, and
secondly the variation amplitudes (difference between Barkhausen maximum and
minimum, when the angle between the magnetisation axis and the radius of the cylinder
head varies). It is observed that the profile obtained along the line after stabilisation is
firstly more uniform from an angular standpoint, but also from a standpoint of amplitude
variation, along the radius ranging from 45 mm from the centre to 110 mm (see figure 16).
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Figure 15: Changes in angle of the Barkhausen maximum as a function of the position of the measurement
point, c778, line 3, before stabilisation

The variation amplitudes observed range from 20% to 40% along the measurement line.
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Figure 16: Comparison of variation amplitudes in relation to line 3 of cylinder head 778,
before and after stabilisation

4.3.4. Discussions in relation to the tests on cylinder heads
The tests undertaken on 18 cylinder heads required the development and adjustment of
an item of equipment, the technical specifications of which were taken from a first phase of
testing on test pieces. An analysis of all the measurements enables the following
conclusions to be drawn:
• Before thermal stabilisation treatment, the 18 cylinder heads have similar Barkhausen
"profiles", notably characterised by variation amplitudes of around 30%.
• The effect of the thermal stabilisation treatment is demonstrated: It reduces the variation
amplitude factor by an average factor of 4.
This "variation amplitude" factor reveals an anisotropy of the magnetic properties of the
measurement zone. In our case, this anisotropy can only result from the internal stresses
state, which is the only element modified by the thermal stabilisation treatment.
Using this experimental approach, it is thus possible to demonstrate that the Barkhausen
noise technique is a tool capable of evaluating the level of residual stresses in a structure.
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4.4. Conclusions and prospects
This study demonstrates the capacity of the Barkhausen Noise technique to characterise
the residual stresses in cast iron industrial parts. Using developed instrumentation, it is
possible to imagine, following a few upgrades, a relatively easy and rapid use of this
technique. In parallel, work relating to the instrumentation on the one hand, and based on
tests on test pieces on the other, will make it possible to better understand the links between
the magnetic properties and the stress state.
On the basis of this study, it may be hoped that the hurdle can be overcome, and that a
change may be made from an experimental stage to a wider use – with other materials and
other structures. Using larger numbers of cases would enable the feedback from experience
to be made more relevant, and more definitive conclusions to be drawn concerning the
relevance of this method of evaluating residual stresses.
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