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Abstract. The inspection of complex-shaped components can suﬀer from the fact
that the area of interest can not be properly insonified due to restricted access. In
such cases, mirrors can be applied to turn the ultrasonic beam onto the component’s
surface. In this paper, the optimization of such a mirror is illustrated for a specific
application in aero engine inspection. Its shape has been designed to compensate the
influence of the curved component surface on the ultrasonic beam field and to
additionally achieve a focusing of the beam.

Introduction
The application of new manufacturing processes increases the need for advanced inspection
techniques. This especially holds for ultrasonic NDT of complex components which
generally suﬀers from loss of sensitivity, beam distortions and beam misorientations if the
transducer is not perfectly matched to the specimen. A procedure which allows to optimize
single and multiple element transducers to ensure a proper focusing of the beam field in the
range of interest has been presented recently, accounting for the specific inspection
configuration under concern [1]. The simulation method is based on delay time calculation
for multiple element transducers and employs a superposition technique for beam field
calculation. In inspecting aero engine components where the area of interest can not be
properly insonified due to restricted access, the use of mirrors to turn the ultrasonic beam
onto the components surface has proven to be eﬃcient. Modifying the above mentioned
simulation approach we have performed an optimization of such a mirror, where its shape
has been designed to compensate the influence of the curved component surface on the
ultrasonic beam field and to additionally achieve a focusing of the beam in the area of
interest. Simulation as well as experimental results are shown for an engine component,
where inspection has been performed applying an unfocused, circular transducer at 25 MHz
frequency. Specifically obtained results on eroded notches in a blisk dummy demonstrate
the eﬃciency of the new approach.
The aero engine component to be inspected, a bladed disk, is shown in Fig. 1. Here
the blades are welded onto the disk through a linear friction welding process (bladed disk =
blisk). The inspection of such components, where a new welding process is

1

Figure 1. Engine component: low-pressure compressor with bladed disks.

combined with a complex geometry, requires advanced NDT methods to ensure
reliable inspection results.
1. Modeling Approach
Beam field calculation is performed using the Generalized Point Source Superposition
technique (GPSS), assuming that the transducer is acting as a piston source. The method is
based on the numerical evaluation of a surface integral. It has been described in [2] for
anisotropic materials, a briefly summary can be found in [3].
Assuming a traction whose magnitude is zero outside the transducer aperture and
unity within, the integration of the respective surface integral has to be performed over the
transducer aperture. Numerical integration on the basis of an equally spaced rectangular
grid can be applied for planar surfaces, with grid points separated at a distance of less than
half a wavelength to fulfill the sampling theorem. For curved surfaces a respective
projection of a planar grid onto the curved surfaces is applied. With R m designating the
position of the m-th grid point, the displacement vector describing the α-wavefield under
concern follows as

where for isotropic materials the phase velocity has been introduced through
K α = Kˆ /(ωυα ) and where the resulting constant factor has been omitted. It is
mΔ
Δ
R m = ( R − R m ), R m is the corresponding unit vector and the unit vector ei indicates the
direction of the applied traction ( i = x, y or z ).The Cartesian components of vector g α are
the directivities for transversely (in x-or y-direction) and normally (in z-direction) acting
point sources on the traction-free surface. The results obtained using this computational
scheme are valid both in the near-field and the far-field [2].
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In considering a multiple element transducer, the aperture for integration is accordingly
structured with tractions of zero or unity magnitude, respectively, where additionally the
proper phase delays to steer and focus the beam field are introduced to each array element.
Delay time calculation is performed using Fermats principle. In order to focus the beam
field to a certain position, the phasing of the array has to be chosen in such a way that the
diﬀerences in the time-of-flight of the ultrasonic pulses between the i-th array element and
the focal point is given by the minimum value of the corresponding time-of-flight.
2. Transducer Optimization Methodology
In Reference 1, a procedure has been presented which allows to optimize single and
multiple element transducers for the inspection of non-planar geometries. Depending on the
specific inspection configuration under concern, the shape of the piezo-element is
determined to ensure a proper focusing of the beam field in the range of interest. The
method is based on delay time calculation for multiple element transducers and employs the
GPSS superposition technique for beam field calculation. The determination of the specific
geometry of the piezo-element is performed in the several steps.
A planar transducer aperture is considered as a two-dimensional array of point
sources, which are equidistantly arranged as required to properly evaluate Eq. (1).
Considering the specific inspection configuration under concern, i.e. the elastic
properties of the wedge material/immersion fluid and of the component, as well as the
various geometric parameters (e.g. immersion distance, component dimensions, curvatures,
etc.), the delay times required to focus the beam field to a specified depth are calculated for
each point source.
The delay times determined using Fermat’s principle are then converted into delay
paths which characterize the shape of a single piezo-element focussing to the same depth.
Since the radiation of elastic waves by the initial two-dimensional array is contrary
to the curved piezo-element -perpendicular to the aperture for each point source,
diﬀerences between the beam fields of these two configurations can occur. If so, a further
optimization is performed by an additional variation of the aperture dimensions and
curvatures - or even the frequency, if necessary - to meet the desired specifications.
3. Mirror Optimization
3.1 Inspection Geometry
The area of interest for ultrasonic inspection of the engine component is shown in Fig. 2,
which displays a cross section of the welding zone and an excerpt with the coordinate
system used in the following considerations. The inspection is performed using immersion
technique, applying a mirror to re-direct the incoming ultrasonic beam onto the component
surface (x-y-plane). The mirror is hit at an angle of 45o such that a longitudinal wave is
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Figure 2. A cross section of the welding zone between the blade and the disk is shown on the left, while
an excerpt with the coordinate system used is displayed on the right. The grey square indicates the area
where the beam fields are calculated.

generated at 41o in the component (Fig. 3). To calculate the beam field according to Eq.
(1), two calculation steps are performed: first the displacement distribution generated on
the mirror by the (unfocused) probe is determined; then the mirror is handled like a
transducer radiating onto the component surface.

Figure 3. Ray paths for the insonification conditions under concern.
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3.2 Optimization Procedure
In order to accomplish a focusing at a depth of 20 mm by using a specially shaped
mirror, the following optimization procedure, which is based on the one for transducers
described above, is applied:
• A rectangular planar transducer aperture - here taken to be quadratic - is considered
as a two-dimensional array of point sources.
• The delay times required to focus the beam field to a specified depth are
calculated for each point source assuming direct insonification.
• The distance of the array to the component surface is equal to the total travel path
when the mirror is used.
• The delay times are converted into ’delay paths’ to determine the shape of the mirror.
• The beam field generated using this mirror design is checked and possible
deviations from the desired beam field are corrected.
4. Results for the Specifically Optimized Mirror
Figure 4 shows the beam fields generated in the component by a quadratic, planar
transducer, which directly insonifies onto the surface with an immersion distance of 40 mm.
The side length of the transducer aperture is equal to the diameter of the actual

Figure 4. Longitudinal wave beam fields generated in the component by a quadratic
two-dimensional array of point sources (25 MHz, 1/4” side length): unfocused (left) and
focused to 20 mm depth (right).

commercial 25 MHz-probe of interest. A comparison of the beam fields reveals that
focusing to a depth of 20 mm leads to an improvement of the maximum amplitude by about
6 dB, while at the same time a reduction of the 6 dB-beam width to about 50 % is achieved.
By converting the delay times determined for focusing with the two-dimensional array into
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path lengths, the mirror shape is obtained. The respective geometrical projection depends
on the mirror orientation and has been performed for a probe-to-mirror distance of 30 mm
and a mirror-to-component distance of 30 mm. The elaborated parameters for the
rectangular mirror are: (i) dimensions 15 x 15 mm²; (ii) concave curvature in the x-z-plane,
radius of curvature 1000 mm; (iii) concave curvature in the y-z-plane, radius of curvature
650 mm. Since the calculated (spherical) curvature in the x-z-plane is extremely low, it has
been neglected in manufacturing the mirror. In fact, the simulation results revealed that
only negligible improvements both in the amplitude and the beam width can be obtained by
this curvature. Thus, a cylindrically curved mirror with a radius of curvature of 650 mm in
the y-z-plane has been manufactured and tested. The beam field calculation (Fig. 5) predicts
an improvement of the maximum amplitude by about 3 dB, and a reduction of the beam
width to about 70 %, as compared to the plane mirror case.
5. Experimental Verification Results
The calculated cylindrical mirror profile was realized by precision wire-cut electrical
discharge machining (EDM) into a flat rectangular brass plate. Figure 6 shows the probe
with this mirror. To compare the results for unfocused and focused mirror probes a
titanium 6-4 test block with 0.2 mm flat bottom hole in a depth of 10 mm beneath the

Figure 5. Longitudinal wave beam fields generated in the component by a flat standard
transducer (25 MHz, 1/4” diameter) with a mirror: plane mirror (left) and cylindrically curved (right).
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Figure 6. Mirror probe: unfocused standard 25 MHz probe with optimized mirror.

surface was inspected. The test block was scanned on an IRT-Scanmaster inspection
system. The results are shown in Figure 7. The increase in echo amplitude of the 0.2 mm
flat bottom hole is clearly seen in the A-scan presentation and the beam narrowing becomes
visible in the C-scan presentation.

Probe with unfocussed mirror

C-Scan of 0.2 mm FBH

C-Scan of 0.2 mm FBH:
sound field narrowing

Figure 7. A-scans and C-scans for a 0.2 mm flat bottomed hole using the plane mirror
(top) and cylindrically curved (bottom).
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C-Scan with indications
Figure 8. Blisk-dummy inspection: scanning of a blisk-dummy with eroded notches in the welding zone
(left) and C-scan results with indications (right).

Finally the cylindrically curved mirror probe was used for the inspection of a blisk-dummy
with eroded notches in the welding zone in order to get the resolution limit for this
technique. On the left-hand side of Fig. 8 the blisk-dummy in the water tank is shown
together with the mirror probe at the position of special interest; on the right-hand side the
inspection results are presented. As seen in the zoomed area of interest, eroded notches of
size 0.4 mm x 0.4 mm give clear indications with a signal-to-noise ratio of better than 6 dB.
The high resolution in a limited access area of a part with complex geometry was simply
achieved by using an optimized mirror probe.
6. Conclusion
The influence of curved component surfaces on ultrasonic beam fields can be controlled by
using curved mirrors. Additionally a focusing of beam fields generated by commercial,
unfocused transducers is possible, as has been demonstrated for a complex aero engine
component. The presented approach is particularly useful since commercial oﬀ-the-shelf
transducers can be applied rather than specifically designed probes. On the other hand, the
specifically matched mirrors can usually be easily produced in the machine shop.
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