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Abstract. The development of non-destructive hardness-test methods within a new
innovative economic process chain based on precision forging technology for the
mass production of high performance components is to be introduced. The project is
integrated in the Collaborative Research Centre 489 (SFB 489) which has the aim to
reduce the entire process chain by integrating the manufacturing steps. Therefore the
precision forging process is combined with an integrated heat treatment. The high
demands regarding the quality of precision forged high performance parts require
local, process-integrated testing of the surface layer characteristics within the range
of the functional surfaces.
With the intention to build up a fast and highly exact in-process measuring system
the harmonic analysis of eddy current signals for the integral and high resolution
measuring of hardness values of helical gear wheels was developed further on. Presented will be the problem oriented developed integrated in-process measuring sensor technique for the determination of relevant tooth hardness values which are used
for serving the automatic control of integrated heat treatment. A special, local measuring single tooth sensor was developed for high resolution determination of edge
hardness and hardness penetration depth on tooth profiles caused by grinding errors.
An exigency for the optimization of measuring sensor and technique were developments on the field of FEM-simulation to describe electromagnetic field changes in
component and sensor.
To rise up the accuracy of the in-process quality assurance best test parameters and
optimized characteristic values were found out. Destructive analysing technique
gave us the possibility to determine the edge hardness and hardness penetration
depth of calibration samples. Computing multidimensional regressions leads us to
correlations with high correlation coefficients and made possible to set up an inprocess measuring system with very high accuracy. These results create new possibilities for a fast automatic control of the hardening process and the determination of
hardness values in the production line.

1.
Nondestructive Testing of Components in the Process Chain "PrecisionForging"
The production of precision-forged high performance parts in a shortened processing line
requires the monitoring of the materials flow and the optimization of the individual production processes in addition to the development of new materials and production technologies.
Only the integrated nondestructive testing of components in the processing line to determine mechanic-technological characteristics of the material, faults and loaded material
characteristics can achieve an optimization of the materials properties and a product quality
assurance in the shortened production process. Monitoring several production steps by nondestructive testing of ferromagnetic components is enabled by the use of electro-magnetic
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test methods. Part of this project deals with the eddy current technology for fault detection
and the harmonic analysis for material characterization which have to be adapted to meet
the requirements of the precision-forging process. In the production line these test methods
are used in-process for the optimization of the manufacturing steps and post-processed for
fault detection and quality assurance. A nondestructive assessment of the components quality requires the modelling of the relations between the materials condition, the mechanictechnologic and magnetic properties and the electric conductivity of the material.
The transforming behaviour of a material is mainly fixed by the materials technological
condition. Therefore, a receiving inspection is necessary to prevent material mix up and to
record charge influences. An essential requirement of precision-forged high performance
parts like gear wheels is the observation of given quality characteristics, e.g. hardness of
functional elements and verifying a constant remain of the products quality. This aim requires the integration of nondestructive testing for the online acquisition of material characteristics in the processing line, controlling each manufacturing step to optimize the process
itself. In addition to the receiving inspection of the material there is another aspect: The
acquisition of mechanic-technological characteristics like the edge-zone hardness, the hardening depth, the core hardness after the forging process with integrated heat treatment, and
the final finish of hardened parts. The mechanic-technological properties of the components
are like the electric conductivity and magnetic properties mainly influenced by the condition of the material, especially by the alloying components, the structural composition and
the state of stress. These physical connections are responsible for the acquisition of electric
and magnetic test values to investigate the condition of the material and mechanictechnological properties of the components. The existing connections to electric and magnetic values have to be proved by corresponding systematic material analysis and described
by correlations and modelling. The electric conductivity and magnetic properties are characterized by the magnetic hysteresis cycle and are acquired quickly and contactless at the
test part by harmonic analysis of eddy current signals. A major improvement of the harmonic analysis is achieved by the application of an optimized multifrequency eddy current
technology to acquire independent test values, which are interlinked by multi dimensional
system calibrations. Multi dimensional regression analysis and algorithms of classification
like fuzzy logic and neural networks will be added to the analysis of the test values and
characteristic data to investigate their suitability in correlation to the problem definition. A
fast and extensive characterization of the produced product is the final aim by governing or
controlling the manufacturing process for quality assurance which is supported by fault
detection using nondestructive evaluation of the components.

2.

Nondestructive Material Characterization

Electromagnetic measurement techniques use existing connections between the mechanical
and physical properties of metallic materials (figure 1). To realize a comprehensive material
characterization in the line of production, it is necessary to perform a quantitative determination of magnetic characteristic values by recording the magnetic hysteresis loop. This
needs a costly sample preparation and a following, very time-consuming quasi-stable
measurement of the hysteresis loop.

2

Figure 1: Indirect determination of mechanical component properties

The harmonic analysis of eddy current signals, as a magnet-inductive testing method, has
proven to be a quick method for measuring magnetic characteristic values because the
higher harmonics of the testing frequency reflect the structural constitution and magnetic
properties better than the first harmonic. These higher harmonics describe the shape of the
magnetic hysteresis loop, the nonlinearity which is caused by the magnetic properties of the
material. The nondestructive magnet-inductive testing makes use of this connection. Thus
changes of the structure condition affect both the mechanical and physical properties like
conductivity and permeability. There is a correlation between mechanical and magnetic
hardness, however there is no generally accepted theory describing the correlation between
magnetic behaviour and microstructure of ferromagnetic materials. According to the test
task it is therefore to be examined whether a clear correlation between the mechanical and
physical characteristics of the material exists /1,2,3/.
Measuring systems working by the way of magnetic induction use a sending coil to generate a primary field which interacts with the component (figure 2). Dependent on the magnetic permeability, electric conductivity and geometry of the material sample, eddy currents
are formed and magnetization procedures are generated inside the material which generate
a secondary magnetic field. The overlay of the magnetic fields is recorded with the help of
a receiving coil. In case of ferromagnetic materials the measuring voltage is distorted due to
the magnetic hysteresis, which describes the non-linear connection between magnetic field
strength and magnetic flow density. Consequently the measuring signal contains harmonic
waves, which can be very quickly analyzed spectrally with the help of Fast Fourier Transformation. The result of this transformation supplies amplitude and phase values or real and
imaginary parts of the complex receiving signal respectively as measuring quantity of the
harmonics contained in the measuring signal. These are odd-number multiple harmonics of
the testing frequency due to the non-linear transient characteristic of magnetic hysteresis.
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Figure 2: Interaction between test sensor and material sample

Based on existing connections there are possibilities to determine mechanical characteristics indirectly. With the aim of a high statement reliability and measuring accuracy it can
be, in the context of a signal analysis, searched for connections between significant measured electric and magnetic test values and relevant target values. If several of these measured variables become linked with one another after they were examined for their measured
value spreading and linear dependence, e.g. linearized by a functional view or by a multidimensional regression analysis, a further improvement of the correlation with the wanted
target values can be achieved.

3.

Determination of Hardness Values of Helical Gear Wheels

In industrial manufacturing and in current research projects there are, for technological as
well as economic reasons, efforts for the improvement of production technologies and for
the shortening of conventional production lines. Currently in the manufacturing process of
highly stressed mechanical parts there is an effort to replace mechanical machining by precision forging. Here time- and energy-consuming work procedures are to be replaced by
heat treatment following the forging process and making use of the retained heat, realizing
a shortened manufacturing process chain /3,4,5/. Irregularities in individual manufacturing
steps of the shortened process chain like precision forging, integrated heat treatment with
controlled cooling and subsequent annealing of the gear wheel from the forging heat as well
as end finishing of the hardened part may cause manufacturing irregularities with unacceptable effects on the surface layer properties.
Thus increased wear of tools and/or tool tilting during the precision forging process or
clamping errors cause uneven removal of material from the hardened part in the grinding
process, locally influencing the remaining surface hardness or thickness of the case hardened layer. Also changes in process and temperature management as well as plus allowance
during precision forging and heat treatment can lead to changes of cooling conditions and
thus deviations and asymmetries in the formation of the structural constitution and surface
layer. Additionally unfavourable conditions during the finishing process of the hardened
part can lead to grinding errors, causing undue changes of the structural constitution (annealing, hot spots by grinding) of the surface layer. Thus the high demands regarding the
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quality of precision forged high performance parts, require local, process-integrated testing
of the surface layer characteristics within the range of the functional surfaces. Therefore for
the realization of a process-integrated testing procedure the first intention is non-destructive
testing of hardness values of precision-forged, helical gear wheels. Regarding a fast, non
destructive determination of hardness values of single teeth of helical gear wheels, the harmonic analysis of eddy current signals offers possibilities for the realization of a suitable
testing technique.
In order to test and control the spray cooling heat treatment, a fast and integral evaluation
of the hardness condition of the hardened and annealed gearwheels is necessary. For this
task a measuring probe was developed based on simulation results. The probe completely
encompasses the gearwheel and thereby allows an integral evaluation of the tooth hardness
in the gearing zone (picture 3 left hand). An enhanced measuring and analysis software

Figure 3: Integral gearwheel probe and spray cooling control

supplies a statement about the hardness condition of the teeth after the integrated heat treatment by use of the fundamental wave as well as the 3. and 5. harmonic of the eddy current
signal with help of regression methods and algorithms for cluster analysis. With this
method gearwheels with too low, sufficient and too high hardness are being classified, indicated by different patterned bars in a diagram. This information is being passed on to the
integrated heat treatment and allows, if necessary, a correction of the particular cooling
parameters.

Figure 4: Influence of the duration of quenching on the tooth-hardness and ECharmonic measuring value
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Figure 4 exemplarily shows the exponential connection between the duration of the quenching of gearwheels made of 100Cr6, the hardness and the amplitude of the 3. harmonic of
the eddy current signal at a testing frequency of 100Hz. The enlisted measured values of the
3. harmonic of the eddy current signal over the duration of the quenching are marked with
the gearwheel number in order to ensure the allocation to the respective gearwheel and process step. Furthermore disturbances in the heat treatment process like malfunction of a
spray jet, tilted placement of the gearwheel in the spray cooling field and malfunction of the
gearwheel rotating device could be detected by a subsequent hardness testing by the detection of deviations and asymmetries of the measured harmonic values over the gearing area.
During test series of the subprojects B1 „process design and process control of the precision
forging process” and B3 “process integrated heat treatment with two phase flow” gearwheels made of 100Cr6 and 42CrMo4 have been hardened directly from the forging heat in
the spray field using different parameters. Afterwards the hardness was determined nondestructively using harmonic analysis of eddy current signals and indentation hardness testing via the Ultrasonic Contact Impedance process (UCI). The optimised real part of the 3.
harmonic at a testing frequency of 100 Hz shows good correlation with the test results of
the UCI testing. With the gearwheels made of 100Cr6 and 42MnCr4 with correlation coefficients of 91,8% and 96,9% and standard deviations of σ = 33,7 and 28,4 HV5 (UCI) significant correlations with little measured value deviations are being achieved (figure 5).
This result can be increased to correlation coefficients of 98,9% and 98,3% with a standard
deviation of σ = 11,6 HV5 and 20,1 HV5 (UCI) by the help of multidimensional regression
and linkage of several measurands.
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Figure 5: Integral eddy current tooth hardness testing

The results that have been achieved so far document that the systematic development of a
nondestructive testing technique based on harmonic analysis of eddy current signals allows
the process-integrated integral determination of hardness values in the gearing area after the
integral heat treatment with high sensitivity and reliability.
The high demands regarding the quality of precision forged high performance components
therefore require a process-integrated local testing of the surface layer properties of the
functional surfaces. In order to realise process-integrated testing of precision forged helical
gear wheels, a method for nondestructive testing of hardness values of single teeth has been
developed and tested. Regarding a fast, non-destructive determination of hardness values of
single teeth of helical gear wheels with high sensitivity and reliability, harmonic analysis of
eddy current signals also offered possibilities for the realisation of a suitable testing technique here.
Due to irregularities during the particular manufacturing steps within the process chain like
precision forging, integrated heat treatment with controlled quenching using a multi-jet
water-air spray system and subsequent annealing from the forging heat as well as hard finishing by rollgrinding, manufacturing errors with unacceptable influence on the surface
zone properties may occur. Increased wear of tools or tool tilting during precision forging,
as well as clamping errors during component positioning, lead to uneven material removal
during the hard finishing process, causing local impact on the remaining surface hardness
and hardening depth.
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Also changes in the process and temperature control as well as the component allowance
during precision forging and heat treatment like component tilt or jet malfunction can lead
to changes in cooling conditions and thereby to deviations and asymmetries in the formation of grain structure and surface properties of the gearwheel. Under unfavourable process
conditions during rollgrinding grinding errors may occur, causing unacceptable grain structure changes (annealing, hot spots) in the surface layer area of the tooth flanks, which is
detrimental to component properties like flank bearing strength as well as running properties.
In order to adjust the measuring technique to the test task simulation computations have
been performed (figure 6) in order to develop an optimized testing technique by the way of
evaluating the field orientation and magnetic flux density in the measuring coil, the tooth
and especially in the surface layer.

Figure 6: Simulation of flux density in a single tooth depending on testing frequency

Based on an arrangement of the emitting coil and the gearwheel segment that was used in
the computer simulations, the results of the simulation by means of analysis of magnetic
flux density very descriptively show the formation of the lines of flux and magnetic flux
density in the tooth depending on the test frequency.
The simulation results very descriptively show the lines of flux and flux density in the tooth
depending on the testing frequency by the way of representing the amount of magnetic flux
density.
Based on the measured B-H curve of hardened and unhardened steels, a hardened surface
layer in the tooth with a correspondingly low relative permeability of µr = 200 and a soft
core of a relative permeability of µr = 700 was given /6/.
The magnetic flux density at a low test frequency of 50 Hz is because of the relative permeability of µr = 700 in the soft core very high while being quite low in both tooth flanks.
Hereby a relative constant evaluation of the magnetic flux density in the tooth cross section
over the tooth width and the tooth height is being achieved. Towards the lower tooth area
the flux density assumes lower values and is marginal in the spread tooth root area. With
increasing test frequency a strong displacement of the magnetic flux density towards the
hardened tooth flank area takes place while the flux density in the surface layer assumes
higher values. Also at a high test frequency of 3 kHz the magnetic flux density in the thin
hardened surface layer is because of the skin effect very high and constant over the tooth
height. A uniform evaluation of the surface layer is assured. In the tooth centre the magnetic flux density is very low at a high test frequency.
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Based on the results of the simulation of conditions the magnetic field in the tooth, a single
tooth measuring probe was conceived, manufactured and tested. It consists of a centrally
placed emitting coil and a receiving coil. The receiving coil is designed to completely embrace a single tooth as a measuring coil.

An important factor when
testing single tooth hardness is the exact and reproducible position of the
tooth within the measuring
probe. This was realised
by integrating the measuring probe into a traversing
and revolving apparatus. A
uniform immersion of the
Figure 7: Automated single tooth hardness testing
teeth into the measuring
probe is important here in
order to avoid measuring errors due to varying degrees of filling of the coil (figure 7).
The results that have been obtained so far document that through the purposeful development of a process-integrated nondestructive measuring technique based on harmonic analysis of eddy current signals, the local determination of hardness values of single teeth with
high sensitivity, reliability and measuring accuracy could be realised.
In analogy to the change of surface layer hardness of single teeth over the extent of the gear
wheel there is a proportionally inverse change of the amplitude of the 3. harmonic of the
eddy current signal to be noticed depending on the tooth hardness.
This very descriptively documents the sensitivity, local resolution and accuracy of measurements that can be achieved nondestructively regarding the determination of local hardness values with the single tooth measuring coil that has been developed and with the harmonic analysis of eddy current signals.

Figure 8: tooth hardness and eddy current signal (amplitude 3. harmonic), 1-dim. correlation

With the intention to compare the running properties of conventionally grinded and precision forged gear wheels an amount of 50 gear wheels were manufactured conventionally by
a gear wheel manufacturer. Before testing these gear wheels in a transmission test bench to
analyze the running properties nondestructive determination of surface hardness of single
teeth have been performed. The results of these measurements showed a significant differ9

ence in single teeth hardness over the circumference of some gear wheels (figure 8). Exemplary the surface layer hardness was tested destructively by Vickers hardness examination
at one gear wheel. Both the surface layer hardness in HV30 of the single teeth and the amplitude of the 3. harmonic of the eddy current signal are shown in circumferential direction
marked with the tooth number. The surface layer hardness varies in the range of 300 to 700
HV30. By a one dimensional correlation a correlation coefficient of 99,7% and a standard
deviation of 14,2 HV30 was calculated. These examinations had shown significantly that a
nondestructive determination of hardness properties is necessary to ensure a high quality
standard also in industrial manufactured gear wheels.
Another important quality characteristic of surface hardened components, besides the surface hardness, is the hardening depth of the functional surfaces in order to provide high
tooth flank strength and fatigue strength under operating conditions /7/. The determination
of the hardening depth is carried out conventionally by cutting the component to be tested
and the performing micro hardness testing at increasing distances from the sample edge.
The hardening depth is defined as the distance from the sample edge where the sample
hardness falls below a defined hardness value Hthreshold. Figure 9 shows the grain that is
formed after hardening and tempering and the remaining soft grain in the tooth core via
ground samples with different hardening depths of 0,3…1,1mm.
Eddy current testing, through the development of a problem-oriented measuring probe and
with variation of the testing parameters according to the physical properties of the material
to be tested, offers possibilities for the determination of hardening depth in this case as
well. With an adapted measuring probe it is, by the way of varying the test parameters,

Figure 9: Edge zone and core microstructure at different case hardening depths

possible to measure predominantly the core- and surface area of the component via magnetic flux, which also offers possibilities to evaluate the transition zone.
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Figure 10:

Nondestructive single tooth hardness testing

The nondestructive determination of the hardening depth is carried out by harmonic analysis of eddy current signals of frequencies ranging from 50 Hz to 3,2 kHz. The linkage of
severals measured values by using multi-dimensional linear regression produces a result
that is contrasted with the hardening depths. Figure 10 shows a significant linear correlation
between the results of the harmonic analysis of eddy current signals and the hardening
depth. The correlation coefficient of a 4-dimensional regression of single measured values
from the harmonic analysis of eddy current signals and a hardening depth according to micro hardness testing is 96,5% with a standard deviation of σ = 0,08 mm. Thus it is also possible to nondestructively determine the hardening depth of surface hardened gearwheels
with quite high accuracy of less than 0,1mm. Similar measuring results have previously
been achieved with surface hardened spindles with embracing coils.
5.

Summary

The harmonic-analysis of eddy current signals, as a magnet-inductive testing method, has
proven to be a quick method for measuring magnetic characteristic values because the
higher harmonics of the testing frequency reflect the structural constitution and magnetic
properties better than the first harmonic. Regarding a fast, nondestructive determination of
hardness values of single teeth of helical gear wheels, the harmonic analysis of eddy current
signals offers possibilities for the realization of a suitable testing technique. The possibility
of adjusting the measuring technique to varying tasks proves the system as suitable even for
complex components. A high practice fitness of harmonic analysis of eddy current signals
could be shown by the nondestructive determination of surface hardness and hardness penetration depth of single teeth on conventionally grinded and precision forged gear wheels.
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