
 

Creative Commons CC-BY-NC licence https://creativecommons.org/licenses/by-nc/4.0/ 

Nonlinear Ultrasonic Spectroscopy of 3D Printed Metallic Samples 
 

Zdenek Prevorovsky1, Josef Krofta1, Jan Kober1, Milan Chlada1,  
Alexander Kirchner2 

1 Institute of Thermomechanics AS CR; Prague, Czech Republic, zp@it.cas.cz 
2 Fraunhofer IFAM, Dresden; Germany, alexander.kirchner@ifam-dd.fraunhofer.de 

 
Abstract 
 
Current metal additive manufacturing (AM) technologies imply complicated processes 
with many variable parameters determining their performance and quality of resulting 
product. The process optimization needs a feedback from nondestructive evaluation 
(NDE) of the additively manufactured parts. The presence of complicated internal 
structure, complex shapes and geometries are limiting factors to easy application of the 
standard, preferably online NDE techniques for quantitative assessment of process-
related defects like irregular internal structure, porosity etc. In this study we tested 
possibilities of nonlinear elastic wave spectroscopy (NEWS) methods to classify two 
types of artificially created defects in Ti-6Al-4V prismatic samples fabricated by 
Electron Beam Melting (EBM) system. Two series of samples with variable internal 
defects were tested: samples with central circular defects (missing material gaps), and 
samples with gradually growing stochastic porosity. Each group of samples contained 
also fully compact sample for a comparison. More ultrasonic NEWS procedures were 
tested to classify defects variability. Relatively simple experimental facility with two 
piezoelectric transducers allows interrogate samples and record their response. The best 
results, documented in this paper, were obtained by two modifications of NWMS 
procedure. One group was successfully classified with two mixed excitation frequencies 
- slopes of amplitude dependent inter-modulation sidebands distinguished samples with 
growing defect thickness. For the second was used longer excitation chirp mixed with 
signal of constant frequency and/or without any mixing.  Growing dispersed stochastic 
porosity was successfully classified using those methods. Results of NEWS tests 
indicate that selected NEWS procedures can be used also for online AM monitoring. 
 
 
1. Introduction 
 
Various terms are used today for 3D printing of materials (e,g, freeform fabrication, 
rapid prototyping, etc.). 3D printing builds objects by joining materials one layer at a 
time, usually building them from the bottom up (1). It provides nearly unrestricted 
freedom to design parts in order to optimize their functionality and eliminates many 
constraints joint with conventional manufacturing processes such as moulding, turning, 
etc. There are two material printing categories - metal or plastic, which differ mainly in 
processing technology. Each manufacturer introduces own unique technology, which 
can be generally divided into more categories defined in the ISO/ASTM 52900:2015 
standard, e.g. scanning laser epitaxy, binder jetting, directed energy deposition, material 
extrusion and jetting, powder bed fusion, etc. This paper focuses only on printing of 
metals, which has great potential in many industries and applications, like in aerospace, 
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medicine, etc. AM technologies imply complicated processes with many variable 
parameters determining their performance and quality of resulting product. Mostly 
advantageous are now the powder bed based additive manufacturing techniques - Laser 
Beam Melting (LBM) and Electron Beam Melting (EBM) (2). Various technologies and 
materials need various NDE means used as for online process control as for NDT of 
final products. General principles, main characteristics, and corresponding test methods 
are specified in the standard ISO 17296-3:2014. A comprehensive review and the state 
of the art of NDT/E methods applied in AM as during as post the printing process is in 
the study (3). Nevertheless, more extensive research is necessary in that domain. 
Developments are primarily focused on evaluating geometric accuracy, internal defects, 
surface roughness, internal stresses, etc. Dominant NDT methods for that is today X-ray 
computed tomography. Among other techniques are mostly used e.g. visual methods, 
profilometry, digital image correlation, X-ray or neutron diffraction, standard 
radiography and shearography, acousto/ultrasonic, thermography, and others. 
Acousto/ultrasonic methods range from simple tap tests to C-scanning and acoustic 
emission, which provide automated quality control and defect detection (3).  
The presence of complex internal structure, mixed materials, or complex shape can also 
limit applicability of standard acousto/ultrasonic methods. Most investigated defects in 
the AM literature are porosity and internal voids or cracks, which are difficult to 
evaluate and classify by standard methods. Therefore, current research is focused to 
nonlinear ultrasound, especially to NEWS, which was not yet used for that purpose. 
NEWS methodology is much less expensive and less complicated than computed 
tomography and similar methods. All NEWS procedures in ultrasonic frequencies 
consist in sample excitation by transmitting transducer(s) and recording of the sample 
response by receiving transducer(s). Transmitter is emitting elastic waves of defined 
fixed or variable frequency and with growing amplitude to excite nonlinear wave effects 
caused by presence of defects exhibiting local nonlinear elastic behaviour (4). 
 
2. 3D printed metallic samples with artificial defects 
 
The goal of this study was to ascertain potentialities of Nonlinear Elastic Wave 
Spectroscopy (NEWS) NDT methods for detection of manufacturing defects in 3D 
printed metallic samples. In the Fraunhofer Institute IFAM-DD in Dresden (IFAM) 
were prepared prismatic test specimens of 60  x 15 x 10 mm size fabricated by EBM on 
an Arcam Q20+ machine operating at acceleration voltage of 60 kV and a helium 
pressure of 4·10-3 mbar. Ti-6Al-4V powder with a nominal particle size from 45 µm to 
105 µm was supplied by Arcam AB. The chemical composition of the fresh powder was 
6.25 % Al, 4.23 % V and 1200 ppm O. The build process began with the preheating of 
the steel start plate to ~700 °C. Fresh powder was applied in 90 µm thick layers. These 
were heated by fast scanning with a defocused electron beam. For the fabrication of 
dense titanium samples the standard parameter set was used. A beam current between 
3.5 mA and 28 mA depending on scan length was employed. The lateral distance 
between parallel scan lines was 220 µm. The beam was not used with its smallest 
diameter below 200 µm, but defocused. Scan speed was adjusted such that line energy 
(beam powder relative to scan speed) of ~800 J/m resulted. 
Samples with two types of artificial defects were created: firstly disc-shaped volumes 
with 5 mm diameter and thicknesses between 200 µm and 500 µm (one per sample) 
were omitted from melting. Because overhanging surfaces tend to sink in, the real 
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geometry of these artificial cracks is less defined and their thickness is somewhat 
smaller. The second type of defect is caused by a reduction of the line energy down to 
200 J/m within a volume of 30 x 9 x 6 mm size centred within the samples. This leads 
to a formation of lack of fusion defects. This type of porosity is of irregular shape and 
randomly distributed within the volume. 
All ten samples were divided into two groups by different kinds of defects. The first 
group (a) samples #0 to #4 contained one comparative sample #0 without defect 
(“dense” sample) and four samples #1 to #4 with circular defects  in the sample centre 
with 5 mm diameter and maximal thickness of about 200, 300, 400, and 500 m. The 
second group (b) contained also one dense sample #5, and four samples #6 to #9 with 
growing stochastic porosity. All samples are listed in Table 1, and shown in Fig.1. The 
printed samples have too rough surfaces unsatisfactory for reliable acoustic contact of 
transducers, so that they must be grinded before testing. Resulted dimensions after 
grinding were approx. 59.4x14.5x9.7 mm.  

 
Table 1: List of 10 samples tested by NEWS methods. 

Group (a) 
#0.dense sample 
#1.circular defect (5 mm diameter, 200 µm max. thickness) 
#2.circular defect (5 mm diameter, 300 µm max. thickness) 
#3.circular defect (5 mm diameter, 400 µm maxi. thickness) 
#4.circular defect (5 mm diameter, 500 µm maximum thickness) 
Group (b) 
#5.dense sample 
#6.internal volume with stochastic porosity (little) 
#7.internal volume with stochastic porosity (more) 
#8.internal volume with stochastic porosity (even more) 
#9.internal volume with stochastic porosity (maximum 

Figure 1. Overview images of 10 samples collection: Left -  Schematic view on 2 groups with 
different kinds of defects; Right -  Photos of already grinded samples  

 

All samples were initially tested by standard ultrasonic NDT with direct probes             
4 to 8 MHz in both Pulse/Echo and Pitch/Catch modes from all sides. Due to internal 
microstructure inhomogeneity all AM samples (including “dense”) exhibited a lot of 
internal reflections, so that it was not possible reliably distinguish various sample 
damages without more detailed signal analysis.  After “linear” ultrasonic testing,  
NEWS tests were realized with various procedures. The elastic nonlinearities are 
classified as “classical” or “non-classical (hysteretic)”. Nonlinear wave (dynamic) 
effects are manifested e.g. by resonant frequency shifts, generation of harmonics and 
subharmonics, odd harmonics enforcement, frequency mixing (intermodulation), 
nonlinear wave front reversal (time reversal nonlinearity), amplitude dependent 
attenuation, etc., and nonlinearity is quantified by various parameters. 
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3. Experimental setup 
 

Excitation amplitudes used  in NEWS test procedures were relatively very low 
(dynamic displacements of the order 10-8 to 10-4 m) and except of SSM, the same type 
of relatively flat middle-frequency band (100 to 500 kHz) piezoelectric transducers 
DAKEL IDK 09 (6 mm diameter of ceramic contact shoe) were used for both 
transmitting and receiving of  ultrasonic waves. Transducers were glued onto opposite 
sides of samples by cyanoacrylate glue (Fig.2 left). Experimental setup is in Fig.2 right. 
 

 
Figure 2: Piezoelectric transducers IDK 09 (transmitter and rceiver) glued to opposite sides of the 

sample (left) and experimental arrangement (right). 
 
Excitation signals in NEWS procedures were input to transmitting transducer. Their 
waveform was pre-programmed in a PC and then generated by arbitrary waveform 
generator (AWG) of the TIE-PIE HS5 combined USB  device (two-channels digital 
oscilloscope and AWG) and amplified in power amplifier up to 70 V output. Second 
transducer detected waves passing through the sample length and the output signals 
were recorded with one oscilloscope channel and stored into PC where they were 
evaluated in MATLAB and damage indicators were derived.  
 

4. Results of NEWS testing methods 
 

4.1. NRUS (Nonlinear Resonance Ultrasound Spectroscopy) 
 

The first tested method was Nonlinear Resonance Ultrasound Spectroscopy (NRUS). 
The main principle of NRUS detection of defects (nonlinearity) is relatively simple (4). 
Selected resonance mode of tested structure is excited with gradually growing 
amplitude and evolution of the resonance peak frequency changes f is observed. In the 
intact sample is resonance change with growing amplitude very small compared to 
damaged sample. In both series of 3D printed samples were excited extensional 
resonances at relatively low ultrasonic frequencies from 30 to 100 kHz with 50-times 
growing excitation amplitudes (0.02 to 1V at power amplifier input).  No marked 
resonance frequency changes allowing damage classification in samples were observed. 
In this case, better results could be probably obtained with excitation frequencies below 
10 kHz (NRAS). Disadvantage of all resonant procedures is in their very high 
sensitivity to sample form and dimension changes, and setup of border conditions like 
sample clamping or attached sensors.  
 
4.2. SSM (Scaling Subtraction Method) 
 

The SSM procedure (5) is an approach how to extract the nonlinear part of material 
response. In a linear system, excitation �  induces signal response �  
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  →                                                               (1) 

Amplified input causes amplified output  
 = �. → = �.                                                   (2) 

Nonlinear system exhibits nonlinear response comprised of linear and nonlinear part. 
The nonlinear part is obtained by subtraction 
 = − �.                                                          (3) 

 

As a nonlinear signature is used maximal amplitude ,� of  or its RMS value. 
Amplitude dependence of chosen nonlinear signature is usually plotted for variable 
amplification k. This dependence has a form of power function 
 �� ,� = � �                                                        (4) 

 

where xk is input signal at amplification k and �� ,� is the corresponding output. 

Results of SSM are expressed by coefficients a,b. The exponent b describes type of 
nonlinearity: hysteretic (≅ , classical ( ≅ ), or contact „CAN“ ( ≅ .  
Coefficient a depends on nonlinearity extent and other parameters of experimental 
setup.  
All samples were excited by a short sine-train pulse (T = 50 ms) of frequency f0= 100 
kHz, with variable amplitude A = 1 V to 12 V output from AWG. The derived values of 
SSM nonlinearity parameters are shown in Fig.3 where no significant trends with 
growing damage are notable, except the highest parameter a (fault extent) at sample S4 
(500 m gap). Only hysteretic nonlinear behaviour is manifested by values of b-
parameter approaching one. Not satisfactory SSM results are probably due to relatively 
low excitation amplitudes used in those experiments. Detected relatively high 
nonlinearity of all samples only reflects their inherently incompact internal structure.  

 
Figure 3. Derived SSM nonlinearity parameters of tested samples S0 – S9. 

 

4.3.  Harmonics  growth  
 

The third NEWS procedure consisted in sample excitation by harmonic signal with 
slowly increasing frequency. With respect to the frequency range of used transducer 
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was this excitation performed between 150 kHz - 400 kHz. The duration of excitation 
was 100 ms at the amplitude 25 V.  The measurement was in this case performed using 
the NI PXI system with NI PXI 5105 digitizer and NI PXI 5404 waveform generator. 
The response was recorded in the middle of the opposite end of the bar using the 
Polytec vibrometer. In order to assess the robustness of the measurement, each 
specimen was tested five times while the transmitting transducer was always reattached.  
The response was recorded at 10 MHz sampling frequency. Then, the spectrogram was 
computed using cosine tapered window 2.5 ms long. Excitation frequency is almost 
constant in such window and harmonic frequencies can be extracted. The samples 
exhibited a strong resonance between 150 to 250 kHz, and the optimal range for 
nonlinear analysis was found between 300 to 400 kHz. Sample nonlinearity is revealed 
by emphasized harmonics. The results shown that nonlinear ultrasonic analysis is can be 
used to distinguish degree of porosity. Attenuation of the material increases with 
porosity as well, which is documented by consistent decrease of fundamental amplitude 
in Fig. 4 left. The second harmonic component is comparable for all samples, but the 
increase of the third harmonic reliably indicates the increase of porosity. So the ratio of 
3rd over 2nd harmonic growth can be used as a simple damage criterion, see Fig.4 right. 
This can be caused by increasing hysteretic nonlinearity of the porous material.  
 

Figure 4. Spectral amplitudes of samples #5 - #9 with growing porosity. 
.  
4.4. NWMS (Nonlinear Wave Modulation Spectroscopy) 
 

NWMS, the nonlinear wave mixing procedure (6) consists in sample excitation with 
two different relatively prime fundamental frequencies f1 (lower) and f2 (higher) with 
growing one or both their amplitudes. Resulting spectra contain together with both 
fundamental frequencies also their higher harmonics like in previous case and in 
nonlinear structure also intermodulation side bands: (� , � , …), (� ± � , � ±� , …,2f2± � , … ). Preliminary NWMS tests shown that the set of 10 samples should be 
divided into two groups with different kind of damage: 1st group a) with samples #0 - #4 
and 2nd group b) with samples #5 - #9.  
 
4.4.1. Tests of group (a) - samples #0 - #4 with circular gaps. 
In this experiments were chosen mixing frequencies (f1 = 62 kHz and f2 = 116 kHz), 
which were summed in the computer to create excitation signal with frequency f =f1+f2 

and amplitude A(f) =  A(f 1)+A(f2) (ratio 1:1). Resulting signal was transferred to AWG 
and through the power amplifier (42 dB amplification) emitted to the sample by only 
one actuator. The input amplitude was step by step growing from 0.02 V up to the 
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maximum 1V. Responses are different as each sample has different attenuation at 
different frequencies. A program was for automated high resolution spectral analysis of 
many possible  intermodulation bands, which are slightly shifted at each sample due to 
the different resonances. Spectral values of sidebands resulting from 50 measurements 
with growing excitation amplitude were fitted by lines, and their normalized slopes 
were used for samples classification.   Not all side bands were useful as their amplitudes 
also depend on sensitivity variations of transducers at various frequencies. The most 
promissing results for defect classification exhibits first order intermodulation around 
the 3rd harmonic of higher frequency f2:  2 13 f f . Normalized linear slopes of sideband 

growths with growing excitation amplitude for samples #0 to #4 are plotted as column 
diagrams in Fig. 5.  
 

   
Figure 5.  Normalized slopes of 3f2 ± f1 intermodulation sideband growths with growing excitation 

amplitude at samples #0 to #4: Left sidebands 3f2–f1 (left) and right sidebands 3f2+f1 (right). 
 
Left diagram in Fig. 5 clearly distinguishes samples with growing artificial circular 
defect thickness 0, 200, 300, 400,and 500 m. Remarkable is a high difference at the 
sample #4 with 0.5 mm gap compared to others, namely to sample #3 with 0.4 mm 
defect, which steers away from virtual polynomial or exponencial trend. It is even more 
pronaunced in the right sideband  3f2+f1 (right in Fig.5) where the sample #3 is 
completely out of linear trend. It should be noted that the right sidebands amplitudes at 
410 kHz were much lower than left ones at 286 kHz due to higher attenuation. The gap 
thicknesses were determined approximately due to their irregular forms. It should be 
noted that the used excitation amplitudes were much lower than the maximal gap 
thickness. Selection of tracked intermodulations is dependent on a sample form and 
properties (resonant and attenuation), and chosen input frequencies.  
 
4.4.2. Tests of group (b) - samples #5 - #9 with growing dispersed porosity. 
Slightly different NWMS procedure was applied to samples from group (b) where the 
dispersed porosity defects are much smaller than circular gaps. Easier procedure may be 
used in this case, with using only one sufficiently high excitation amplitude (again very 
small compared to low frequency vibration tests). The first frequency of the pulse f1 
was continuously growing using the linear chirp function f1(t), while the second 
frequency f2 was held constant. Both signals were mixed in PC, and then sent to AWG.  
Resulting signal of frequency f =  f1(t)+ f2 was amplified and used to excite transmitting 
transducer. Frequency band of the chirp  f1(t) was 50 to 300 kHz of sweeping 32 million 
frequencies sampled with 2 MHz. Constant f2 was 191 kHz. Relatively long chirp was 
used as to input enough energy for all resonances. Recorded test results were analysed 
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in spectrograms. In Fig.6 are plotted log-magnitudes of the chirp’s 4th harmonics at 
127.5 kHz for all 5 samples #5 to #9. Results were normalized on the “dense” sample 
#5. After normalization are plotted into the column graph at the left part in Fig. 6 with 
added exponential interpolation of already logarithmic data, which means double 
exponential dependence on sample porosity. At the right part of Fig.6 is diagram 
showing the overall spectral energy of each sample, normalized on sample #5, which 
embodies linear fall with growing porosity. It can also serve as a sample porosity 
measure. The drop of the overall energy transfer corresponds with growing attenuation. 
Both graphs in Fig.6 can be used for quantitative evaluation of dispersed porosity, 
although the calibration necessary. Results obtained by growing harmonics and/or 
intermodulation side bands are much more sensitive to porosity (exponential growth) 
than the gross energy transfer (linear decay). Big differences between samples well 
correspond with their content of porosity defects and extracted features may be used for 
porosity evaluation in 3D printed structures. 

 
Figure 6. Sample #5 to #9 porosity changes characterized by normalized 

 a) 4th harmonics of instantaneous chirp frequency 127.5 kHz (left) , and b) overall chirp energy 
transfer (right). 

 
5. Conclusions 
 
Four nonlinear elastic wave spectroscopy (NEWS) NDT methods were applied to 
evaluate (distinguish) artificially made defects during production of ten 3D printed 
prismatic metallic samples. Relatively simple experimental arrangement was used to 
interrogate samples and record their response by piezoelectric transducers or laser 
vibrometer at ultrasonic frequencies of tens to hundreds kHz.  
The samples were divided into two groups by the defects type: a) circular gaps of 
various thickness, and b) dispersed small scale porosities. In each group was one 
“dense” sample without defects, which was used for comparison.  
First two NEWS methods were not able distinguish samples with different damage. 
Other two procedures applied to samples group (b) yielded excellent defect 
classification results, but were not satisfactory for group (a). The procedures using 
interrogation by the sweeping chirp function are robust concerning small porosity but 
not effective for classification of larger circular gaps. It has been found that a very 
simple classification criterion can be based on linear drop of the whole chirp energy 
transfer (attenuation) over selected frequency band. Those procedures may use the chirp 
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function with successively growing amplitudes, but new automatic high resolution 
spectral analysis should be further developed. As a next step in development of NEWS 
methods for NDT/E of AM parts will follow tests on samples of different shapes, 
materials, and manufacturing conditions to optimize the methodology. 
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