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Abstract. Ceramic materials have very good mechanical and thermal properties as 
well as high wear resistance and resistivity against chemical substances. Therefore 
these materials are increasingly used in high value applications, as e.g. heat protection 
layers, high temperature filters, catalyst carriers and electro-ceramics. Despite its high 
strength, most ceramics are very brittle and therefore even smallest defects have to be 
avoided. Detection of such defects poses a challenge to Non-Destructive Testing 
methods. Developed originally for metals, they have to be adapted and improved to 
fulfil the needs of ceramic industry.  
 Starting from several application examples it is demonstrated, how acoustic 
NDT methods can be used to get material properties of ceramics and to find small 
defects like cracks. The acoustic methods selected are the ultrasonic microscopy and 
the high frequency vibration analysis. Special challenges in vibration analysis are the 
suspension of the object without influencing its vibrational behaviour and the 
vibration signal evaluation in such a way, that normal variation in the part geometry 
is not classified as defects. For both challenges appropriate solutions are 
demonstrated. 

1. Introduction  

Technical ceramics play an important role as construction and functional materials for 
various applications. Specific advantages compared to many metals are their high strength, 
high hardness and low mechanical wear. Additionally, many ceramics have a high resistance 
against aggressive chemical substances. So, ceramics have a wide application area including 
protection layers for corrosion, heat and wear protection, bio compatible components as 
medical implants, filter support structures and filter layers, catalyst carriers and electro 
ceramics. Figure 1 shows a very small selection of ceramic components manufactured in the 
IKTS for various applications.  
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Fig. 1. A selection of ceramic components produced by the IKTS for various applications.  

 
Despite its high strength, most ceramics are very brittle and therefore even smallest defects, 
which might act as a starting point of a propagating crack, have to be avoided. Detection of 
such defects poses a considerable challenge to Non-Destructive Testing. Other tasks are 
connected to control of the component geometry (shape) and material properties. The second 
big challenge of ceramic testing is the test time per part. Most of the components are produced 
in big numbers and have therefore to be tested in a few seconds per part with minimal costs. 
Elaborated high resolution time consuming scanning techniques are therefore often excluded.  
NDT in general can be applied as manufacturing control and as in-service inspection. For 
metals the in-service inspection plays an important role e.g. in periodic ultrasonic testing of 
welds for cracks or for corrosion detection in tubes. For ceramics the focus at present is 
clearly in manufacturing control.  
 

 
 

Fig. 2.  Production steps of ceramic components. With increase of part value and decrease of the cost 
saving by detection of defects in the corresponding production steps. NDT by elastodynamic methods 

becomes more powerful the more the component is in its final state.   
 
As in other fields, the companies are interested in detecting flaws very early in the production 
process. This saves money as cost intensive processing of defective parts can be avoided (see 
Fig. 2). Especially the process of final machining is often very expensive due to the hardness 
of the ceramics. Unfortunately, many NDT methods having an application chance for near 
final ceramic parts are facing big challenges when applied to parts after early production 
steps.  



3 

The present paper tries to give an overview of the applicability of elastodynamic NDT 
methods with a special focus on acoustic microscopy and the vibration analysis of materials.  

2. The Elastodynamic Testing Methods and Relevant Properties of Ceramics  

The electrodynamic NDT methods can be classified according to the frequency and/or 
wavelength applied into: quasistatic (electric/magnetic) methods, low frequency methods 
(e.g. eddy current testing), radio and micro wave methods, terahertz methods, infrared/visible 
light and UV methods and X- and �-ray methods. A similar classification is tried for 
elastodynamic methods in Fig. 3. The division in infrasound, sound and ultrasound is 
according to the hearing abilities of humans and the borders are usually drawn at 20 Hz and 
20 kHz. A wide frequency range of frequencies (about 1 kHz to 1 GHz) can be used for NDT 
of ceramics.  
 

 
 

Fig. 3. Spectrum of elastodynamics with indication of the frequency ranges of typical phenomena 
and applications. 

 
The elastodynamic testing methods that are discussed here are modal analysis and scanning 
acoustic microscopy. Both methods are applied also for other materials as e.g. metals. The 
most important parameter deciding about the applicability in a special situation are the 
relevant sound velocities and the damping value at the frequency in question. The damping 
is expressed commonly for high frequencies as attenuation coefficient � of the material and 
for the low frequency vibrations as the Q factor of the part or arrangement.  
A literature review of the attenuation coefficients of various ceramics is collected in Fig. 4. 
It obvious, that the attenuation coefficients cover a wide range. Attenuation coefficients for 
other as the materials presented in Figure 4 could not be found in the literature. Obviously, 
attenuation data are not available for numerous ceramic materials, a gap which should be 
closed in the future.  
They values of Figure 4 depend strongly on the material and obviously also on the processing 
route, e.g. whether the materials was hot pressed (HP) or not. This explains the experience 
that the results of the testing of ceramic materials vary considerably, from material to 
material. A more complete data basis would allow better prognosis, whether a given material 
can be tested with acoustic microscopy and with which frequency.  
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Fig. 4. Literature values of the longitudinal wave attenuation coefficient �. The values for ZnS, MgO, Si3N4 
and PZT (hollow symbols) are form [1] Fig. 4 and the SiC values from the same paper Fig. 5. The dashed 
line is diffraction corrected linear approximation taken from [2]. The wavelength values λ corresponds to the 
frequency for a sound velocity of 10 mm/µs, as a characteristic value.  

3. Scanning Acoustic Microscopy  

Ceramic parts also can be tested by ultrasonic testing (UT) like metal parts, when the ceramic 
material can tolerate the coupling fluid. But, for detection of small defects, e.g. with a size of 
less than one millimetre, focused transducers with high ultrasound frequency are needed. 
Here scanning acoustic microscopes (SAM) comes into play. SAM’s for a wide application 
range including microelectronic packaging testing and material characterisation operate in a 
frequency range from 10 MHz to about 200 MHz, while frequencies up to 2 GHz are used 
for special applications like cell biology and histology, only. 
The specimen is immersed in a water basin and scanned line-wise by a transducer with an 
appropriate frequency and focus length, depending on material, needed resolution and region 
of interest depth. At every scan point the transducer sends a short ultrasound pulse through 
the water into the specimen and also receives echoes reflected by material interfaces, inner 
structures, inclusions, voids, cracks and so on. The received echo signals are amplified, 
digitised and finally processed by computer and software. 
Due to the sensitivity of ultrasonic waves for material changes, small flaws and cracks with 
very small openings can be detected with high contrast. Examples of different ceramic 
membranes with cracks and other flaws are shown in Fig. 5 and Fig 6. But, some materials 
must not get in contact with any coupling liquid. In this case, alternative testing methods are 
needed that work without couplant. 
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Fig. 5. SAM images of two ceramic membranes, scan size 25 x 15 mm². 

 

 
 

Fig. 6. SAM image of a ceramic pressure sensor membrane with a crack, scan size 12.5 x 12.5 mm². 

4. Modal Analysis 

4.1 Modelling and Measurement of Vibration Spectra 

Modal analysis is an enhanced version of vibration testing, which is one of the oldest NDT 
methods. Already thousands of years ago, for example, vessels made of clay or metal were 
tested for quality by their sound. When the sound of the vessel, gently stroked by a stone or 
something else, was not clear but dull or out of tune, they knew that there is something wrong. 
Today, measurement technique such as wide band microphones, acceleration sensors and 
laser vibrometers for sensing vibration are available. Hence, it is possible to measure 
vibration at selected points on the object and also in a wide frequency range reaching from 
infrasound to ultrasound. For excitation different systems are in use. Electrodynamic shakers 
are used to generate vibrations with frequencies up to a few kilohertz. For higher frequencies, 
piezoelectric shakers can be applied. Impulse hammers or electrically driven clappers are 
used for impulse excitation with a wide frequency range. Even lasers can be utilised for 
exciting impulses with frequencies up to hundred megahertz. In contrast to UT and SAM, no 
coupling fluid is needed. Thus, it is also suitable for chemical sensitive materials. 
With FEM simulation software, eigenmodes and the associated eigenfrequencies and mode 
shapes can be simulated. This allows predictions about the object’s dynamic behaviour with 
or without a flaw. Hence, it is possible to identify eigenmodes that are particularly sensitive 
to a flaw. This simplifies selection and arrangement of sensors and actors. Precise data 
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acquisition hardware and smart signal processing such as acoustic pattern recognition allows 
to detect relatively small variations in the sensor signal. 
In many cases, a critical issue for the measurements is the mounting of the object in order to 
allow a preferably undisturbed vibration. Some objects allow to be hung up on one or more 
points where no relevant vibrations are expected. But, there are also objects that are vibrating 
entirely. If any mechanic mounting disturbs too much and an air cushion is not applicable, 
measuring while thrown vertically or in free fall might be the only solution. 

4.2 Example with ceramic samples 

Modal analysis was applied on tubes made of Na-ß-aluminate, which is very sensitive to 
water. The tubes are designed to work as solid electrolyte in sodium-nickelchloride batteries. 
They are shaped like a test tube with a length of about 13 cm. Due to this shape, they can be 
hung up with the opening downwards onto an elastic ball at the top of a rod like a slim bell. 
Excitation was done by a small electromagnetic clapper and the vibration was picked up by 
a microphone near the opening, as shown in figure 7. The microphone is also sensitive for 
ultrasound. In figure 8 the recorded signal and the spectrogram of a sound event is pictured. 
The horizontal stripes in the spectrogram indicate the tube’s eigenfrequencies that decay with 
varying rates. Spectrograms can be analysed for amplitudes, frequency shifts and decay rates 
of the eigenfrequencies to get information about the sample. In this experiment acoustic 
pattern recognition was applied. This is described in the next section. 
With the ANSYS Toolbox “Modal” the mode shapes and eigenfrequencies were calculated. 
As shown in figure 9, there are bend modes and squeeze modes of different orders, each at 
its own frequency. The symmetries of these mode shapes lead to the assumption that the 
sound fields at the tube opening must pursue this symmetries. Hence, the corresponding 
sound should leave the tube in a multipole pattern that fulfils this symmetry conditions. This 
was tested with help of a second microphone, located at the opposite half of the opening. The 
amplitude spectrums of both microphone spectrums are virtually equal because phase 
information is dropped. But a dipole causes inversely phased signals and a quadrupole makes 
inphase signals in this setup. Actually, a comparison of the spectrums of the sum-signal and 
the difference-signal indicates that this assumption is correct. As to be seen in figure 9, for 
dipole modes the corresponding frequency in the difference-signal is higher than in the sum-
signal while it is inversely rated for quadrupole modes. This simple example shows that the 
use of several sensors may clearly enlarge the captured information about the object. This 
method is called SIMO (single input, multiple output). 
 

  
Fig. 7. Electrolyte tube with automated mechanical excitation and microphone. 
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Fig. 8. Recorded signal and corresponding spectrogram. 

 

 
Fig. 9. FEM simulation of mode shapes and eigenfrequencies as well as multipol patterns and spectra. 

 

4.3 Acoustic Pattern Recognition 

Acoustic pattern recognition is used to evaluate objects, materials, and components or to 
monitor production processes, machines, and entire plants automatically [3][4]. It is a 
combination of approaches for feature extraction and compression, machine learning, and 
classification. It is able to learn characteristics of acoustic signals in terms of typical temporal 
and spectral patterns. In that way it automatically creates individual models of signals in 
order to assess unknown objects or objects in unknown condition. 

Na-ß-aluminate electrolyte tubes (Figure 7) show relevant resonance at frequencies 
above 10 kHz (Figure 9), which can be sensed by high-quality microphones. The tubes are 
excited by an automated clapper. For the present investigations, five tubes were used: three 
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good parts (named “Good1”, “Good2”, and “Good3”), one with an increased leak rate and 
one with a crack (called “Leak” and “Crack” respectively).  

We collected 510 recordings (51 for every tube in two striking positions P1 and P2). We 
used short-term autopower spectrograms as recognition features. Figure 10 shows an 
exemplary spectrogram for tube “Good1” in position P1. Resonance frequencies are clearly 
recognizable.  

We conducted two experiments: 
 

First Experiment: detection of tubes 
 
We first checked that the recorded signals actually carry information on the individual 
properties of tubes. To that end we trained an acoustic model for each tube and verified the 
models against unknown recordings. Success of this experiment is a prerequisite for the 
automatic detection if defects. 

We divided all recordings into training and test set. We used only recordings of position 
P1 as training set. Then we trained one model for every tube. After that we classified all 
recordings of position P2 (test set) while trying to assign each recording to one of the five 
tube models. Figure 11 shows results of this experiment. It demonstrates clearly that detection 
works absolutely properly (detection rate: 99%). Only two recordings of tube “Good3” were 
recognized incorrectly. As expected, striking position has no influence to detection.  
 
Second Experiment: good/bad decision 
 
In a second experiment we tried to automatically discern good from bad tubes. Because of 
the small amount of data we only trained one statistical model on two good tubes as reference 
(good model with rejection). We used recordings of tubes “Good1” and “Good2” of both 
positions (P1 and P2). The remaining tubes (“Good3”, “Leak”, and “Crack”) were compared 
to this model. Table 1 shows the detection rates, which, with the exception of striking position 
P1 with a crack, were higher than 90%. From this preliminary result we conclude that 
differentiation between good and bad ceramic tubes seems possible. 
 
 
 

  
Fig. 10. Spectrogram of electrolyte tube  

(“Good1” in position P1). 
Fig. 11. Confusion matrix for detection of 

electrolyte tubes. 
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Table 1: Detection rate for good/bad recognition of tubes “Good3“, “Leak“, and “Crack“,  

and striking positions P1 and P2. 

Name Position Detection rate 

Good3 
P1 96% 

P2 98% 

Leak 
P1 98% 

P2 100% 

Crack 
P1 16% 

P2 92% 

 
 

5. Summary and conclusion 
 
Since ceramics are important for many technical purpose, non-destructive testing is important 
for ceramics, especially in the production process to ensure the product quality. For ultrasonic 
testing and especially scanning acoustic microscopy the acoustic properties are crucial. 
Ceramics often feature a higher sound velocity and also a higher attenuation coefficient than 
metals. But, tables of mechanic and acoustic properties of various ceramics are rare in 
literature. This lack of information should be closed in order to improve the predictability of 
ultrasonic testing methods for ceramics. 
Scanning acoustic microscopy has the capability to image small features or defects with high 
resolution, as shown for selected examples. Modal analysis in combination with acoustic 
pattern recognition is a fast testing method which allows the detection of shape deviations 
and defects without the need for scanning with coupling fluid. This is demonstrated at the 
example of ceramic tubes. 
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