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Abstract. In order to meet the requirements of rising flexibility and an automated
material inspection in a small batch production environment, an automatically
changeable ultrasound sensor tool for milling machines has been developed. This
system enables an automated ultrasonic inspection of varying parts to be carried out
directly on a machining centre and visualises hidden geometries and material
imperfections three-dimensionally. The sensor tool is based on commercialised
ultrasonic squirter-probes, which are able to use the cooling lubricant for sound
coupling.
During the measurement recordings, the milling machine’s axes move the
sensor numerical-controlled across the workpiece. By this means, automated
material inspection tasks can be performed very cost-effectively without setting up
separate testing facilities. 4- or 5-axes kinematics capacitates the system to check
even very complex-shaped parts.

Introduction
In many industrial sectors, production metrology currently faces divergent
requirements. One the one hand, inspections have to be carried out fast, precisely and costeffectively, on the other hand inspection systems have to be applicable for a wide variety of
different types of parts. The sector of automated ultrasonic material testing is yet mainly
represented by facilities for either simply shaped mass-products (sheet metals, pipes or
railway tracks etc.) or elaborated special applications (Aerospace or Nuclear industry) [1,
2]. For the automated ultrasonic inspection in a small batch production with varied parts,
hardly any process-integrated concepts are existent. Thus the testing of complex parts is
mostly performed manually or within laboratory-like inspection spaces.
To meet the requirements of enhanced flexibility and applicability in the production
line, an automatically changeable ultrasonic sensor tool has been developed at the WZL. By
using this system automated ultrasonic measurement tasks can be directly conducted in the
machine tool. This way, the interior texture of a workpiece can be visualised in three
dimensions, enabling an easy identification of material imperfections. Above that, hidden
geometries e.g. wall thicknesses of hollow parts can be measured.
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1. Advantages of Inline-Inspection
For the fast identification of material grade quality characteristics and the feedback of
their analysis results in small production-related quality control cycles, measurements
within the quality assurance have to be performed “inline” (i.e. in the production line). In
contrast to large batch manufacturing or mass production, small batch manufacturing processes need innovative and far more flexible measuring concepts, which can be easily
adapted to various new measuring tasks. [3]
In doing so, the direct integration of efficiently planned measuring procedures in
production processes reveals unused potentials in manifold applications. In the sector of
millcutting many of these measuring functions can be basically realised with machineintegrated probes, which can be automatically applied into the spindle. Today this
functionality is mainly used by tactile probes for the accurate setting of the machine’s zero
point and the alignment-calibration of the raw part’s coordinate system, previous to the
actual milling process. In case of automated material testing in small batch manufacturing,
there are generally no production-related concepts existent. [3]
In the following, the most important advantages of machine-integrated measuring
systems are listed:
•
•
•
•
•
•

realisation of process-related quality control cycles,
reduction of set-up time by using one chucking and existing CAD- or NC-data
respectively,
faster reaction times within process control cycles,
lower labour costs for inspection tasks,
use of high precision axis-integrated position sensors in times of machine overcapacity,
omission of separate test facilities.

2. Ultrasonic Inspection
2.1 Inline-Techniques
Non-destructive material testing is especially vital for the inspection of safetyrelevant parts. Thereby ultrasonic measuring is a reliable method which has been used for
decades to characterise the interior texture of manifold materials. High frequency
mechanical waves constitute the measuring principle of ultrasonic testing and are used to
characterise imperfections non-destructively, such as inclusions, cracks or pores.
The great potential of this technology and the many fields of applications are mainly
based on the availability of different sensor types and their broad spectrum of usable
ultrasound frequencies. Thus imperfections in concrete (e.g. rock pockets) can be detected
with low frequent sensors (20 kHz to 1 MHz) as well as micro cracks in silicon wafers with
Scanning Acoustic Microscopes (up to 2 GHz). Within small batch production processes
the application of ultrasound inspection techniques is often limited to time-consuming,
manually operated measurements with restricted potential for further analysis and
documentation. Automated ultrasonic material testing facilities can be primarily found for
either simply shaped mass-products (sheet metals, pipes or railway tracks etc.) or
sophisticated special applications (Aerospace or Nuclear industry) [1, 2].
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Basically two different ultrasonic techniques are commonly used for industrial
material inspection: the through-transmission method, which relies on separate transmitter
and receiver probes for sending and receiving the ultrasound pulses, and the impulse-echo
method which only requires one switchable transceiver. Figure 1 shows possible variants
for automated inspection systems based on these two methods.
Figure 1, Selected ultrasonic techniques for automated material testing
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According to the sensor setup, the impulse-echo technique evaluates the reflected
ultrasound from inhomogeneities within the workpiece, while through-transmission
systems detect the impulse share passing through the material. Regarding conventional
ultrasonic testing with fluid coupling, the impulse-echo technique is more widespread
because of its easier usability with only one sensor. In Figure 1 an impulse-echo setup with
a water jet probe is shown. In addition, this method also provides Time-Of-Flight (TOF)
information of the echos reflected from the part’s interior. If the sonic speed of the tested
material is known, the depth position of voids or wall thicknesses can be measured
precisely. The propagation speed of longitudinal waves in solid material can vary from
1350 m/s in Teflon™ to 6320 m/s in Aluminium. [5, 6, 7]
Through-transmission ultrasound on the other side is rather used with high sound
dampening materials, such as fibre reinforced plastics (FRP), or very large parts because
the sound passes the workpiece only once. For some years the through- and V-transmission
alignments are also used with special probes for air-coupled ultrasonic testing, which
become particularly relevant for the inspection of plastics or fluid-sensitive materials. [8]

2.2 Two- and three-dimensional Ultrasonic Imaging
Another important aspect of automated ultrasonic inspection is the automated
recording and evaluation of the measuring results. For simple geometrical shapes, like
cuboids or cylinders, it is possible to scan the surface back and forth or helical respectively.
These Ultrasonic measurements can be displayed as two-dimensional images for better
survey. In general these images show cross-sections of the workpiece. Most commonly
used for the visualisation of scanned ultrasonic measurements are the so-called B- and Cscans. In a B-scan, each column of the image represents the grey-coded echo-array of a
measuring point. Thus the B-scan shows a vertical cut view of the part, whereas the C-scan
displays the interior texture in a certain depth parallel to the scanning plane (Figure 2). The
3

C-scan is generated by assigning each pixel the grey-coded (e.g. maximum) intensity of the
measuring point. The desired depth of the C-scan can be set according to a chosen timegate in the time-of-flight array of the signal. [6]
Figure 2, 2D scan modes for ultrasonic imaging
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By saving the ultrasonic measuring data of the whole volume of the part, it is
possible to create three-dimensional images. When measuring simply shaped parts, the
WZL-ultrasonic inspection system can save the ultrasonic signals to a stack of grey-scale
B-scans bitmaps without data loss. This format type has no impact on the quality of the
subsequently generated 3D-model but allows certain 2D image processing tasks to be
conducted faster.
That followed, a standard computer tomography software can be used to visualise
the scanned volume in three dimensions, whereas the grey value of the voxel (volume
pixel) again shows the intensity of the ultrasonic echos. By saving all measuring data it is
possible to generate and evaluate offline any desired cross-section of the part. The 3Dmodel can also be scaled according to the sonic speed of material and the measuring point
density. Depending of the used CT software various geometric measurements can be
performed virtually within the part’s volume.
Figure 3 , 3D visualisation of an aluminium test block (50 x 50 x 100 mm³)
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Figure 3 shows a 3D-view of an aluminium test block (50 x 50 x 80 mm) with
differently sized blind holes as flaw substitutes. The part has been scanned back and forth
form the top as shown in Figure 2, so that the upper surface and its opposite side act as
ultrasonic reflectors and also turn visible.
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In the right image voxel with low echo significance have been blinded out to
enhance the exposition of the blind hole echos. In addition shading effects of the blind
holes occur on the bottom side. At the moment further steps are being taken to improve the
ultrasonic imaging by using dedicated signal processing algorithms. [5, 9]
3. Ultrasonic Sensor Tool for Milling Machines
In order to bring these measuring abilities into the machine tool, an automated
changeable ultrasonic probe for milling machines has been developed. The sensor hardware
is based on commercialised ultrasonic probes which use a fluid jet to launch ultrasound
signals into the workpiece by impulse-echo-technique (comp. Figure 2). Because of its
general availability in the machine tool, cooling lubricant is hereby used as coupling fluid.
The coolant is recirculated by a separate low pressure pump to avoid a turbulent flow,
which might interfere with the ultrasonic pulses. The water-oil-compound does not
necessarily need to be adapted for the measurements. Merely chipping remains have to be
filtered to prevent sensor damages and signal noise.
Depending on the specification of the measuring task, different transducers can be
mounted in the sensor by using various adapters. The sensor interface is based on a
standardised HSK 63 tool holder. Therefore it is possible to store the entire ultrasonic
sensor carrier in the automatic tool changer (ATC) magazine of the milling machine. Figure
4 shows the sensor tool in use, engaged in the main spindle 5-axes milling machine. [3]
In order to realise fast, fully automated sensor changing cycles, a special interface
for coupling the cooling lubricant on the one hand and the signal transmission on the other
hand has been designed. During the actual milling process this connector with the signal
wire and coolant tube is placed on a small bracket in the workspace to avoid the HFcontacts being harmed and keep the influence of the working space to a minimum. The
connection and disconnection of the sensor and the interface is controlled by small NCsubprograms. The operation and signal-processing of the ultrasonic system can either be
performed by an external computer or by integrating the ultrasonic hardware and software
in the machine control.
Figure 4, Ultrasonic sensor in use in a milling machine
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During the measurement process, the NC-controlled milling machine’s axes move
the sensor across the surface above the volume element of the workpiece to be tested. The
ultrasonic impulses at the measuring points are triggered by the measurement computer.
For the purpose of coupling the maximum sonic intensity into the workpiece, it is
necessary, that the sonic waves or the fluid jet respectively hit the surface perpendicularly.
Otherwise the bigger part of the ultrasound would not penetrate the workpiece surface.
Regarding complex-shaped parts or free-forms, this condition can only be met with
a 4- or 5-axes movement of the sensor. The generation of such scanning lines can then be
only achieved by using an appropriate CAD/CAM-software module. In such a case, it is
benefiting, that the corresponding NC milling programs can often be modified easily for
this intention.
Figure 5, Transformation of measured data into workpiece volume
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The 3D-imaging of 4- or 5-axes scans additionally demands an elaborate coordinate
transformation to visualise the workpiece volume undistorted, due to the fact that the
positions of each measuring point are defined by evaluating the machine axes’ coordinates
[10].
For the distinct allocation of signal echos to virtual volume increments within the
workpiece coordinate system, the time-of-flight information has also to be taken into
consideration. Thereby the time fraction of coolant and metal has to be identified and
assigned to the specific sonic speed. The separation of the time-of-flight fractions is made
by detecting the first surface echo in the time domain of the ultrasound signal. To increase
the accuracy regarding e.g. temperature deviations, a calibration measurement of the sonic
speed can be carried out in advance.
Figure 5 shows a schematic free-form scanning line with the sensor and its possible
visualisation result. Xm, Ym, Zm, Am and Cm denote the measured positions of the
machine’s axes and Ii, Ti the intensity and time-of-flight of each measuring point k [5].
The necessary transformation algorithms have been successfully implemented and
tested under Matlab. For the reduction of the amount of data to be processed, the truncation
or grating respectively of the volume according to the resolution of the ultrasonic sensor is
favourable. In this way, distinct voxel can be defined. In general a voxel describes a volume
increment which includes next to the three-dimensional position a property parameter (e.g.
echo-intensity).
When measuring convex surfaces, certain volume areas are characterised multiple
times from different measuring points (see also Figure 5), leading to redundant voxel. In
this case, the highest measured value of echo intensity is assigned to the voxel to assure the
visualisation of all echos (material flaws) in full height. A disadvantage of this procedure is
the agglomeration of signal noise and disruption peaks. Depending on the specific
measuring tasks other quantifications might be more suitable.
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For the proof-of-principle of the 5-axes measurement and the coordinate
transformation, an aluminium test part has been manufactured. This part shows a largescaled area of a turbine blade’s surface and contains two boreholes as flaw substitutes. This
test workpiece has a size of approximately 100 x 100 x 80 mm³ and the boreholes feature a
diameter of 4 mm. Figure 6 shows the transformed ultrasonic scan with the top plane, parts
of the bottom plane and the two boreholes. On the top surface some steps according to the
curvature can be made out. These steps emerge from the truncation of the voxel grid to 1
mm³ and can be reduced with a more elaborate coordinate transformation.
Since this model was generated using unprocessed signal data, further
improvements of the image quality can be expected [9]. Current research efforts at the
WZL are focussing on the enhancement of the visualisation by implementing existing and
newly developed signal processing algorithms in the measuring software.
Figure 6, Three-dimensional visualisation of 5-axes ultrasonic scan
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4. Application
The automated ultrasonic inspection can typically either be performed on the raw
part or the finished part. When carrying out a final inspection, the NC milling program for
the contour can normally be used for scanning. Measuring results are provided as crosssections or complete 3D-scans of the interior texture, which can be automatically evaluated
by using image processing techniques.
This ultrasonic inspection could also be applied flexibly process-intermittent, due to
its changeability from the ATC. An example for this deployment would be the
measurement of wall thicknesses near thin lubrication boreholes in cylinder heads.
Another promising field of application would be the material inspection of used
blacksmith’s swages or extruder screws after the renewal by build-up welding. Inclusions
or cracks in the welding zone could then be identified prior to the final cutting.
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