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Abstract. During manufacturing of rotor disks made from titanium- or nickel-base 
alloys events rarely may happen that lead to local mechanical or thermal overload of 
tool or workpiece material. These events can cause anomalies that are assumed to 
initiate crack growth. Breakage of the machining tool cutting edge can lead to 
residual tool particles being embedded in the component surface. Another anomaly 
type is local overheating, damaging the micro-structure of the material. It was 
observed that in nickel-base material Inconel 718 overheating may lead to a 
significant rise of magnetic permeability and generation of magnetic remanence 
which may be caused by the formation of a ferromagnetic phase. 

The paper presents experimental results of AC and DC electromagnetic 
methods to detect and characterize these anomalies. The magnetic remanence 
method, based on fluxgate gradiometers, can record the residual field of the 
anomalies even from a certain distance. Magnetic particle inspection technique lets 
recognise the shape of ferromagnetic surface anomalies. High resolution eddy 
current probes are able to visualise these anomalies even without magnetizing them. 
Additionally, test blocks with graded anomalies are presented to compare the 
performance of these non-destructive inspection methods. 
 
 

1. Introduction 
 
The most common hazardous effect for aircraft is the uncontained high energy debris 
ejected from the engine. One possible reason is rotor disk rupture which must be prevented 
with the highest possible probability. Statistics show that, although the aero-engine industry 
invests high efforts into quality assurance, manufacturing induced anomalies mainly caused 
by “rare events” are becoming the most important reason for disk failures. The international 
development programme “Integrating Process Controls with Manufacturing to Produce 
High Integrity Rotating Parts for Modern Gas Turbines” (MANHIRP), funded by the 
European Union, has been focused on this issue [1]. Engine manufacturers, institutes and 
universities from seven European countries worked together to investigate the most life 
limiting manufacturing anomalies. Three manufacturing methods producing the appropriate 
geometric features were under investigation: hole making (holes), turning (flat surfaces) 
and broaching (shaped slots). Commonly used NDI techniques as well as near term and 
longer term techniques are investigated to assess their potential for detecting and 
quantifying the most life limiting anomalies [2]. 

This paper focuses on the detection and characterisation of two anomalies, first, 
residual tool particles being embedded in the component surface and, second, local 
overheating which damaged the micro-structure. 
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2. Electromagnetic inspection methods 
Two disk materials have been considered: TiAl6V4 with a conductivity of 0.63 MS/m and 
a relative magnetic permeability of 1.000 and Inconel 718 with 0.97 MS/m and 1.004 
respectively. The physical properties of tungsten carbide depend on the fraction of 
ferromagnetic cobalt, the carbide grain size and the manufacturing process. Measurements 
on samples of the tool material showed direct field permeability of about 2 and conductivity 
of about 2 MS/m. Remanence and coercivity of the particles are hard to estimate and their 
interaction with outer magnetic fields additionally is influenced by their geometry, position 
and orientation. 

The following investigation should clarify whether the locally differing 
electromagnetic properties of the particles can be used for their detection and 
characterisation. For this, high resolution eddy current method (EC), high sensitive 
magnetic remanence method (MRM) and magnetic particle inspection (MPI) were adapted 
to the specific test situation. Figure 1 identifies different magnetic properties in the 
hysteresis loop used by these methods. 

 

 

Figure 1.  
Ferromagnetic hysteresis loop with 
H - magnetic field strength, 
B -  magnetic flux density (induction), 
HC - coercivity, 
BS - saturation induction, 
BR - remanence,  
µi - initial permeability. 

 

The eddy current (EC) method records impedance variations of a coil driven by a high 
frequency alternating current. This coil induces eddy currents in the object. The magnetic 
field of these currents carries information about the conductivity and the magnetic 
permeability of the material. For eddy current method the low conductivity of the disk 
material on the one hand enables deep current penetration [3] but on the other hand requires 
high inspection frequency to guarantee sufficient eddy current density at the material 
surface. The eddy current signal is influenced both by local differences in conductivity and 
magnetic permeability. The volume of interaction of the probe mostly is larger than the 
volume of the inclusion. That’s why the signal as well mirrors geometric properties of the 
inclusion and of other geometric and non-geometric anomalies. To distinguish the 
inclusion’s signal from other influences the signal is displayed in the impedance plane. 
Signal components resulting from the permeability variations are of special interest. They 
should provide a sufficient angle to the signal direction of the probe lift-off and other 
surface deformations. To localise and characterise the inclusions high resolution probes [4] 
and mechanical scanners shown in Fig. 2 are used guiding the probes track by track over 
the surface. 
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Figure 2. 
a) Eddy current (EC) cylinder core probe  
b) EC gap probe,  
c) inner rotating sensor,  
d) x-y-scanner. 

 
The magnetic remanence method (MRM) makes use of the magnetic remanence BR of 

the particles. In a first phase the sample is exposed to a strong direct magnetic field. All 
possibly included ferromagnetic particles are magnetised near to their saturation induction 
BS. In phase two the magnetic field is switched off and the ferromagnetic inclusions act as 
small permanent magnets with remanent induction BR. At this phase the surface of the 
sample is scanned by a most sensitive fluxgate magnetometer as shown in Fig. 3. A 
gradiometer setup is used to suppress magnetic fields from the environment. Magnetic field 
signatures of the sample indicate a ferromagnetic inclusion whose size and depth below the 
surface can be estimated [5, 6]. 

 
 

Figure 3. Magnetic remanence measurement (MRM) equipment. Left: principal view of the flux gate 
gradiometer and right: the noise spectrum of single sensor and gradiometer 

 
 

3. Tungsten carbide inclusions 

The hard metal cutting material is made by sintering tungsten carbide with cobalt binder. 
During exploitation rarely the cutting insert may break or small particles may splinter off. 
To produce samples for non-destructive investigation abusive machining can be used 
provoking tool breaking and splintering. Fig. 4a presents the morphology of embedded 
particles in the surrounding structure [7, 8]. When the surface is reworked the particle may 
smoothly fit leaving behind a so called non-geometric anomaly. This situation is illustrated 
in Fig. 4b. Commonly used methods of non-destructive inspection not always are capable 
to detect them. 
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Figure 4. a) Micro section of broken tungsten carbide cutting insert in TiAl6V4 matrix showing micro-
structural distortion and phase transformation through adiabatic shear [7], b) broken inclusion in Waspaloy 

after rework. 

 
Even when no tool material is left behind after tool breakage, there will be micro-

structural distortion and local residual stress concentration at the reworked surface. 
Furthermore, titanium-based alloys tend to form adiabatic shear bands under the influence 
of the high energy released during a high velocity impact into the material [9, 10], as 
caused by a tool breakage. Figure 5 gives an example of an impact result with adiabatic 
shear bands in TiAl6V4. Low cycle fatigue trials have shown the crack initiating potential 
of these anomalies. 

 

 
Figure 5. Micro section of artificially created impact causing adiabatic shear bands and micro-structural 

distortion in TiAl6V4. 
 

3.1 Results on flat specimens 
The manufacturing of samples with defined inclusions is an essential prerequisite for 
evaluating non-destructive inspection methods. MTU Aero Engines München is able to 
produce open and hidden inclusions using tungsten carbide micro drills down to 50 µm in 
diameter.  

Figure 6 presents a flat TiAl6V4 specimen with empty holes and inclusions of 0.2 and 
0.3 mm in diameter. The fluxgate gradiometer is able to detect all inclusions. The specimen 
and the empty holes remain invisible. A sensor with slightly reduced sensitivity but higher 
resolution is able to separate single 0.2 mm inclusions. 

 

4



 
Figure 6. Results on flat TiAl6V4 specimens with small tungsten carbide inclusions. a) Test specimen with 

highlighted EC scan areas, b) und c) MRM-scans, d) EC-impedance plane signals of empty hole and 
tungsten carbide inclusions, e)  EC-Y-scan of the 0.3 mm hole area and f) EC-Y-scan of the 0.2 mm hole 

area. 
 

A high resolving EC gap sensor provides impedance signals shown in Fig. 6d. The 
empty holes cause mostly horizontally oriented signals while the inclusion’s signals own 
significant vertical components. Both signals clearly may be separated each from other. In 
the EC images 6e and 6f the tungsten carbide inclusions may be recognised as red areas 
while the signals of the empty holes almost remain in background colour. For estimating 
the limits of both non-destructive methods a test specimen with two 50 µm inclusions was 
manufactured. Figure 7 shows the inclusion compared to a human hair. 

 

Figure 7.   
SEM image of a tungsten carbide inclusion made by 
a broken tungsten carbide 50 µm drill in a TiAl6V4 
sample compared to a human hair. 
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Using the MRM method an area larger than the specimen was scanned for remanent 

magnetic fields (Fig. 8a). Figure 8b lets recognise two magnetic dipoles (blue-red), 
spreading out from the inclusions. The EC probe was moved over the shallow inclusion in 
an area of only 4x2 mm2. Figure 8c shows the small inclusion very clear. Both, the MRM 
and the EC probe were moved over the surface as close as possible. 

 

Figure 8. Inspection results of 50 µm tungsten carbide inclusions in a TiAl6V4specimen, a) scanned 
areas, b) MRM result and c) eddy current result. 

 
Figure 9 presents the results of a TiAl6V4 specimen with undefined inclusions 

produced by mechanical impacting tungsten carbide particles into the surface and 
afterwards grinding. This treatment resulted in three embedded tungsten carbide particles 
and a variety of surface deformations. The actual size of the inclusion is not known. Fig. 9b 
shows MRM images from the front and back side of the specimen. Obviously the specimen 
is transparent for this inspection method. All inclusions can be detected from both sides 
providing a good signal-to-noise-ratio. 

The EC results are shown in Fig. 9 c to e. EC-X and EC-Y label the images resulting 
from the real and imaginary parts of the complex measurement signal, respectively. The 
lateral resolution of the probe is better than 0.3 mm. At a frequency of 3 MHz the lift-off 
signal was turned into the x-direction thus removing the y-component from the signals of 
pure surface deformation without any inclusion. Tungsten carbide inclusions provide 
mostly y-oriented signals due to their increased magnetic permeability. The blue areas in 
the EC-X-image mirror local surface deformations while the red areas in the EC-Y-image 
indicate the inclusions. 
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Figure 9. Visualisation of undefined tungsten carbide inclusions in a TiAl4V6 alloy: a) specimen with 

highlighted eddy current scan area, b) MRM image from the front and back side, c) and d) EC-X and EC-
Y images, e) EC complex plane signal analysis of the most interesting areas. 

 
To enhance the image of the residual field distribution magnetic particles were used 

instead of the fluxgate gradiometer. This technique is well known as magnetic particle 
inspection (MPI) for crack detection in ferromagnetic objects where the stray flux over a 
crack attracts a mixture from magnetic and fluorescent powder particles. The particle 
concentration can by visualised using ultraviolet illumination.  

For detecting tungsten carbide inclusions another specimen was created (Fig. 10). After 
introducing the inclusions the specimen was ground, magnetised and then magnetic particle 
inspected. After that, the specimen was cut into rectangular pieces every including at least 
one inclusion. These inclusions were documented in a scanning electron microscope and 
afterwards compared to MRM, MPI and EC images. Fig. 10 shows the results. Both the 
MPI and EC-Y component images bring up details of the defect position, shape and 
orientation. The resolution is in the same order.     
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Figure 10. Results of MRM, MPI and EC inspection of tungsten carbide inclusions in TiAl6V4.  The 

SEM image brings up the real shape of the inclusion 
 
3.2 Results on cylindrical specimens 
Figure 11 presents the results on tubes with incorporated pieces of micro-drills to simulate 
open and hidden inclusions in the inner surface of holes. The drills were introduced from 
the outer circumference either through the whole wall or remaining a certain distance to 
the inner surface. Non-destructive inspection was performed using inner rotation eddy 
current probes with gap or cylinder core sensors. For simplicity the tube was turned and 
the eddy current probe was moved in axial direction. 

 

 
Figure 11. Eddy current signals of tungsten carbide inclusions in holes. a) In the TiAl6V4 tube, b) in the 
Inconel 718 tube. Above: eddy current y-component images of the inner surface, below: anomaly signals 

in the complex plane. 
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The eddy current signals were obtained by an absolute cylinder core probe (Ø 0.5 mm). 

The eddy current y-component image shows the open and the hidden anomalies as well. 
One revolution of the specimen provides the complex plane representation directly over the 
defect. For comparison the lift-off signal is given. The signal of the inclusion B in the 
TiAl6V4 tube compared to that of inclusion A is turned clockwise. This effect results from 
the coverage of the inclusion by sound material. At Inconel 718 the signal separation is 
more difficult and the signal-to-noise-ratio of the anomalies is smaller than that of the 
titanium alloy. 

 
4. Overheating  
Programming errors or tool selection errors can lead to contact of non cutting tool parts 
with the machined surface. This usually rare event could lead to overheating and/or micro-
structural distortion and even cracks at the component surface. Another reason for 
overheating may be the absence of coolant or out of range cutting parameters. Figure 12 
presents the result of intended abusive cutting conditions at the surface of a hole. The 
micro-structure is heavily distorted and parent material is redeposited. Provided that such 
events will of course be noticed it must be taken into account that there could remain some 
damage after rework of the surface.  
 

Figure 12.  
Isolated smearing of parent material redeposited on 
distorted layer in Inconel 718 due to abusive cutting 
conditions 

 
Non-destructive investigations have shown that overheating of Inconel 718 can both 

increase the permeability of the material and cause a magnetic memory effect known as 
remanence. The reason for this phenomenon may be whether a phase transformation in the 
material or the increase of the Curie temperature up to room temperature of defined phases. 
Effects of magnetic transformations in other nickel base alloys have been observed and 
investigated [11]. The effect in Inconel 718 may be used to detect local overheating.  

Figure 13 shows the result of a specimen with abusively drilled holes. The parameter 
overranging increased from hole 11 to hole 13. Magnetic remanence method could detect a 
residual magnetic field after magnetisation seeming to be concentrated on one of the left 
holes. The red and blue areas indicate the north and south pole. Eddy current high 
resolution rotating probe has detected increased permeability in hole 13 (red area) while 
other holes remained magnetically unchanged. 

The low cycle fatigue (LCF) investigations conducted afterwards brought up worst 
results for this type of anomaly. 
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Figure 13. 
MRM and EC images of Inconel 718 
specimen with abusively drilled holes showing 
magnetic anomalies in the material 

Another example is shown in Fig. 14. Again, abusively drilled holes have been 
investigated by EC and MRM. First, eddy current rotating probe has detected anomalies in 
the Y-component of the signal. The replica image combined from many single images did 
not show a clear correlation with the EC-Y-image. MRM confirmed the supposition that 
magnetic anomalies had occurred. At hole 3 a magnetic pole was detected. Additionally, 
the spark eroded label of the specimen caused an even clearer dipole.  

Further investigations have to clarify whether these local magnetic anomalies can 
provide a reliable basis for non-destructive detection of local overheating in Inconel 718.  

Figure 14.  
Replica, MRM and EC images of 
Inconel 718 specimen with abusively 
drilled holes showing local magnetic 
anomalies in the material 
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5. Conclusions 
The detection and localisation of hard metal inclusion in rotor disks from TiAl6V4 and 

Inconel 718 is possible basing on the differences in the electromagnetic properties. The 
magnetic remanence method (MRM) and the magnetic particle inspection (MPI) use the 
residual magnetisation of the particle remaining after magnetising in a strong DC magnetic 
field. Eddy current (EC) method uses the changes of the magnetic permeability and the 
conductivity from the disk material to the inclusion. 

Overheating in Inconel 718 causes an increase of magnetic permeability and a 
significant magnetic remanence. Both parameters may be a basis of non-destructive 
detection and characterisation of this kind of anomalies in the future.   

For magnetic remanence measurements (MRM) the non-ferromagnetic disks are 
transparent, therefore inclusions may be detected deeply hidden below the surface. The 
geometry of the workpiece does not influence the measurement signal.  

Magnetic particle inspection as well needs strong pre-magnetisation and provides high 
resolved images but is limited to near surface inclusions. 

Eddy current inspection does not need pre-magnetisation and provides a high lateral 
resolution but is also limited to near surface regions. 
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