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Abstract

Over the past decades, researchers have developed several nonlinear ultrasonic techniques for quality control of
materials commonly used in different applications. Owing to the superior sensitivity of nonlinear ultrasound waves
to small defects such as micro-cracks, their applicability in different nondestructive testing (NDT) problems has
been investigated in numerous studies. These studies utilize frequency domain analysis to detect the generation of
higher harmonics because of the formation of defects in the inspected medium. Frequency domain analysis based on
the Fourier transform is a significant approach used in linear systems; however, it may not perform adequately on
nonlinear systems. Hence, studies on nonlinear dynamics and physics consider analyzing systems’ behavior in the
phase-space domain. In contrast to the frequency domain analysis, which can result in information loss, analysis
in the phase-space domain retains all the information regarding a system’s states. In this study, the nonlinearities
induced by poor interlayer bonding in polymer-based additive manufactured parts in the phase-space domain are
investigated. It is convenient to characterize the nonlinearity in the phase-space domain because it provides a
geometrical representation of a system’s states. Two types of low quality interlayer bond are considered. The
first type is simulated artificially while the second type is manufactured by reducing the bond quality during the
printing process. The analysis verified that the received ultrasonic signals exhibit classical nonlinear behavior in
the phase-space domain while interacting with simulated poor interlayer bonds. In addition, the results showed
that the behavior of ultrasonic waves is amplitude-dependent and evolves into models that have not been previously
reported. Furthermore, Largest Lyapunov Exponent (LLE) is used to quantify the behavior of nonlinear ultrasonic
waves while interacting with poor interlayer bonds. Using LLE, it was observed that the divergence rate of the
phase-space trajectories depends on the amplitude of the excitation. This observation quantitatively proves that
nonlinear behavior of ultrasound while interacting with poor interlayer bonds can be amplitude-dependent. The
results of both simulated and inherent poor interlayer bond cases showed that LLE can be used as a reliable
quantitative damage-sensitive feature to detect and potentially characterize weak bonds, which are difficult to
detect using conventional approaches. In addition, the reported results in the phase-space domain provide a basis
for proposing a new mathematical model for ultrasonic waves interacting with poor interlayer bonds.
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1. Introduction

Additive manufacturing (AM) is an emerging research topic in industry and academia owing to the advantages
of rapid prototyping, flexibility in material properties, reduction in cost, an overall enhanced design, and manufac-
turing sector efficiency [1]. Polymer and metallic-based AM is used in several applications for building complex
components in power, automotive, oil and gas, and aerospace industries [2]. Components that are manufactured
using AM processes should be extensively examined to identify any existing defects that would render them non-
functional. These defects include porosity, residual stresses, and poor interlayer adhesion. A significant demand
exists in the field of quality control, particularly in nondestructive testing (NDT), to develop new techniques to
overcome the limitations of conventional quality control, and characterize and detect defects in AM components.

The first type of defect is porosity, which is the presence of voids (microvoids and macrovoids) in polymer-
based AM. Microvoids occur in a printed bead as a result of air trapped in the feedstock and during the mixing
of polymer melt. Macrovoids are large diamond-shaped voids that occur between adjacent beads with a circular
cross-section [2]. The AM components exhibit different properties in different directions owing to the anisotropic
nature of the deposition process. Mechanical anisotropy is often observed within the boundaries of adjacent layers,
creating regions with maximum residual stresses [3]. Another type of defect occurs because of the layered production
of AM processes, where residual stresses tend to form around the boundaries of each layer (weak regions). Most
AM processes produce the components in a heated chamber setup, which results in a high thermal gradient that
adds to the residual stresses. Residual stresses lead to distortion, warpage, and microcracking [2]. Poor interlayer
adhesion is a type of defect that occurs owing to improper bonding between layers in the AM. Appropriate bonding
occurs by local re-melting of the solidified layers with the newly deposited layer. The deposition temperature and
thermal properties of the feed stock material are the two major factors that control interlayer bonding. Layer time
varies depending on the type of polymer used [4].

The interlayer bond weakness has undesirable limitations with respect to the practical implications of AM com-
ponents [5]. An important challenge in the nondestructive evaluation of AM components is the ultrasonic assessment
and characterization of weak interlayer bonding [6]. The residual stress in poor interlayer bonds poses an additional
challenge to the detection process of weak interlayer bonds using ultrasonic testing [7]. Consequently, detecting
and evaluating poor interlayer bonds using conventional linear ultrasonic approaches are difficult as the transmitted

wave does not have sufficient energy to exhibit detectable changes in linear features such as amplitude owing to the
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change in stiffness. In contrast, a high-power ultrasonic approach can cause nonlinear behavior of ultrasonic waves
when interacting with weak interlayer bonds.

Nonlinear ultrasonic testing has become popular in the field of NDT because it is more attuned to detecting
small defects, such as microcracks, when compared with conventional ultrasound testing. Large wave amplitude
and traveling long distances are two fundamental factors that can enhance nonlinearities in ultrasonic waves [8].
Two different classes of nonlinear models that are widely used to explain nonlinear ultrasound behavior are: 1.
The classical nonlinear theory, which relies on the generation of higher harmonics, and 2. Non-classical nonlinear
theories [8]. The classical nonlinear theory of elasticity considers Hooke’s law with higher-order elastic terms [8].
Non-classical models are used owing to an assumption that the stiffness is asymmetric across the near-surface of a
bond or crack interface [9]. Based on this assumption, contact acoustic nonlinearity (CAN) models have been pro-
posed. Models based on bi-linear stiffness (stiffness asymmetry) are some of the most popular and simple nonlinear
models [8, 9, 10]. A bi-linear nonlinear model has successfully used to represent breathing cracks given that the
stiffness of the system changes with the position of the two faces of the crack. When the crack experiences tension,
it opens, which results in global stiffness reduction; however, when it is under compressive loads, the crack closes,
and the global stiffness of the system remains constant.

Most of the reported research in the nonlinear ultrasonic field relies on the generation of higher harmonics in the
frequency domain [8, 11]. Analyzing ultrasonic waves in the frequency domain is a common approach and has been
used in several studies to analyze different disbonds and imperfect interfaces successfully [7, 12, 13, 14, 15, 16, 17].
Furthermore, nonlinear ultrasound has also been used in defect evaluation of parts manufactured with AM pro-
cesses. The feasibility of online ultrasound measurement using ultrasonic testing during the selective laser melting
process has been demonstrated by Rieder et al. using time and frequency domain analysis of received ultrasound
signals [18, 19]. Ultrasound testing has been used successfully for quality control of metal and plastic based additive
manufactured parts [20, 21, 22, 23]. The ultrasonic tests have been successfully conducted on samples made from
powdered-aluminum alloy, and AlSitoMg samples manufactured by selective laser melting (SLM) with implanted
defects [24, 25]. Also, immersion ultrasonic testing has been performed on 3D printed samples made from acryloni-
trile butadiene styrene (ABS) by fused deposition modeling (FDM) [26]. While the frequency domain successfully
used in several application using nonlinear ultrasound, analyzing a system response in the frequency domain using
the Fourier transform has several shortcomings [27, 28]. The Fourier transform divides the signal into individual
harmonic signals with different frequencies. Because the Fourier transform is a linear function, the Fourier transform
of nonlinear systems changes a set of complex differential equations into integral equations in the frequency domain
with convolutions among dependent variables [27]. Thus, studies are being conducted to enhance the frequency-
based methods [29] or suggest new approaches to analyze a system response [27]. A well-known and effective method
for analyzing system behavior is the phase-space analysis. The phase-space analysis provides a powerful domain for
analyzing the complex nonlinear behavior of dynamic systems and physical phenomena [30].

By plotting systems’ independent states with respect to each other, it is possible to construct and depict the
systems’ behavior in the phase-space domain with unique geometric features. In this domain, time is implicit. The
phase-space domain enables visualization of the system behavior. Furthermore, because of the unique geometric

representation of a dynamic system in this domain, different signal processing techniques and mathematical tools
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can be utilized to analyze a system’s nonlinear response. Recurrence quantification analysis (RQA) can be used
to demonstrate the determinism of a system behavior [30, 31, 32]. In other words, it is possible to determine if
a system behavior is stochastic or deterministic. The instability of a system can be quantified by calculating the
Lyapunov exponent. A fractal dimension analysis can be used to assign dimensions to a system behavior geometry.
In addition, the phase-space domain analysis is a powerful method for determining chaotic motion and studying
the system behavior transition to chaos [30, 31, 32].

Recently, studies in the ultrasonic field have utilized the phase-space domain to analyze signals and assess dam-
ages. Carridon et. al. [33] implemented RQA to assess the damage severity effect on system behavior in concrete
materials. They concluded that by increasing the damage level and with higher frequency ultrasonic waves, the de-
terminism of a system decreases significantly. This implies that the system behavior transforms from a deterministic
behavior to stochastic behavior [33]. Dehghan-Niri and Al-Beer used the phase-space reconstruction to categorize
the interaction of nonlinear ultrasonic waves with closed interfaces on high-strength aluminum material [34]. In the
phase-space domain, Zamen and Dehghan-Niri applied different signal processing techniques to verify the chaotic
motion of nonlinear ultrasonic waves while interacting with a closed interface crack due to residual stress in concrete
materials [35]. Additionally, they used fractal dimension analysis to extract a quantitative damage-sensitive feature
from nonlinear ultrasonic wave in the phase-space domain [36, 37].

The main contribution of this study is to propose a method to classify behavior of nonlinear ultrasonic waves
imposed by the poor interlayer bond in AM components; the method should be convenient and reliable without
relying on the frequency domain response. Because the phase-space approach considers all possible states of a
system, it would result in superior accuracy when compared with the frequency domain-based approaches. In
addition, the phase-space representation provides geometrical information that facilitates easy interpretation of
complex data. Furthermore, to quantitatively identify ultrasonic waves behavior when interacting with poor inter-
layer bond, Largest Lyapunov Exponent (LLE) [38] is used. Lyapunov exponent measures the rate of divergence
and convergence of system’s trajectories in the phase-space domain, locally. Since for a dynamical system, there
exists a spectrum of Lyapunov Exponents [31], maximum value is selected to represent the maximum amount of di-
vergence or convergence in received ultrasound signals. The paper is further organized as follows: Section 2 presents
a brief discussion on phase-space reconstruction of recorded data. In addition, the phase-space representation of
well-known nonlinear models is presented. Section 3 presents the experimental setup of this study. The results and

discussions are presented in Section 4, and the conclusions are presented in Section 5.

2. Methodology

2.1. Phase-Space Reconstruction of Nonlinear Ultrasonic Models

This section introduces the phase-space domain fundamentals, well-known ultrasonic models, and their corre-
sponding behavior in the phase-space domain. To transform ultrasonic signals (X(f)) from the time domain to the
phase-space domain, the delay method proposed by Packard et al. [30, 31, 32, 39] was used. The delay method is
based on calculating the embedding dimension (E) and time lag (7 ). X(f), which represents the displacement or

pressure fields of the ultrasonic waves, is one state of the system (S). Hence, X(t) which is a discrete scalar value,
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can be obtained as X(t) = S(x(f)) where x(f) is the input. Using the delay method, the phase-space representationof
the ultrasonic signal can be defined as:

W = (wy, W, ..., We), @®

where wg(f) = X(t- (E — 1)1) [36]. To calculate the embedding dimension, the false nearest neighbors introduced
by Kennel et. al. [40] was used. Additionally, to determine the time lag, the average mutual information introduced
by Fraser and Swinney was used [41]. In this section, the time lag value (r) and embedding dimension (E) for all
models are considered as 0.25 T and 2, respectively. Before discussing the conventional nonlinear ultrasound models,
a linear ultrasound waveform, its frequency domain, and phase-plane (2-dimensional phase- space) representations

are illustrated in Fig. 1.
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Fig. 1: Frequency domain and phase-plane evolution of linear wave form [34].

The recent research paradigm in the nonlinear ultrasound field divides acoustic nonlinearity as ‘classical nonlinear
theory” and ‘non-classical nonlinear theory’. The classical nonlinear theory is based on Hooke’s law and accounts for
higher-order elastic terms [8]. The quadratic (Fig. 2) and cubic (Fig. 3) nonlinear models are the most commonly

used models in classical acoustic nonlinearity research [34].
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Fig. 2: Frequency domain and phase-plane evolution of wave form with quadratic nonlinearity term [34].

While classical nonlinear theory can be successfully applied for approximately homogeneously distributed damage
it has limitations to be used for localized defects. CAN model, however, is caused by the contrasting behavior of the

tension and compression portions of ultrasound waveforms in the region of localized defects within interfaces that
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Fig. 3: Frequency domain and phase-plane evolution of wave form with cubic nonlinearity term [34].

are in contact. The compression component part of the wave can penetrate through the defect region, whereas the
tensile portion cannot effectively penetrate through it. Since this phenomenon was first observed in 1978 [42], there
have been numerous investigations on its application in the detection and characterization of imperfect interfaces
and cracks [43, 44, 45, 46]. A popular nonlinear model for non-bonded contact interfaces that can address CAN is
a simple bi-linear stiffness model [47], also known as stiffness asymmetry [9], which is shown in Fig. 4. This model
has been used to address the clapping mechanism observed during wave interaction with cracks [48, 49]. The CAN

has been used to evaluate kissing bonds in adhesive joints [7].
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Fig. 4: Frequency domain and phase-plane evolution of bi-linear wave form [34].

Another nonlinear acoustic model observed is hysteresis. The hysteresis depends on the condition of the material
and its loading history [8]. However, hysteresis behavior of acoustic nonlinearity lacks a theoretical foundation
regarding its origin. Following a different path and returning to the origin (end-point memory) in the stress—strain
domain could be an indicator of hysteresis behavior in a material [8, 34]. This behavior is shown in Fig. 5.

Other mathematical models for nonlinear acoustic phenomena induced in solids exist in the literature. Most of
the models rely on the frequency domain. As previously indicated, the frequency domain can be a valuable tool
for analyzing linear systems with the advantage of switching back to the time domain from the frequency domain
using its inverse feature. Nevertheless, the existing literature confirms that the frequency analysis is not always

suitable for nonlinear system analysis and in some cases cannot be successfully used [27]. The phase-space domain
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Fig. 5: Frequency domain and phase-plane evolution of hysteresis wave form [34].

preserves all the states of a system and enables the analysis of the system behavior using different signal processing

techniques.

2.2. Largest Lyapunov Exponent

After constructing the phase-space representation of ultrasonic signals, a quantitative feature that can measure
the exponential divergence of initially close state-space trajectories can be extracted. LLE calculates the largest
divergence of trajectories in the phase-space domain. Let s(t;) and s(t,) be two point in state space with distance
|s(t1) — s(t)| = 0p << 1. To calculate the distance between the two trajectories (0, passing through these points

at At time steps ahead, the following equation can be used:

Sar = 8geMt 5y K1, At > 1. (2)

b

where A is the Lyapunov exponent. Positive values of A denote the divergence of the trajectories in the phase-space
domain while negative values of A verify their convergence. A equal to zero shows that trajectories are evolving in the
phase-space domain without changing their distance with respect to each other. For calculating LLE, an algorithm
proposed by Rosenstein et al. [38] and Kantz [50] was used. This algorithm measures the average separation of
neighbors without normalizing them. Finally, the algorithm fits a line to the data using the least-squares method.

First, the algorithm calculates the following values:

R 1

S(A) = = mz:l ln(m steuz(w |Sto+at — Se4atl) (3)
where s, is a data point of the the times series in the phase-space domain. U(sy,) is the neighborhood of s;, with
diameter E. The size of the neighbourhood should be as small as possible but also large enough so each point has a
couple of neighbours [50]. Since the optimal value of sigma is unknown, S(Af) should be computed for a variety of
E values. The slope of the part of the function S(Af) where it is linearly increasing is the LLE value.

In the next section, the experimental setup used in this research is described.

3. Experimental Setup

A big area additive manufacturing (BAAM) system at the U.S. Oak Ridge National Laboratory was used in



14 this work. The BAAM system deposition head is shown in Fig. 6. It is a four-heating zone single-screw polymer
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extruder mounted on a large gantry system with a build volume of 6 m in length, 2.5 m in width, and 1.8 m in
height. In the extrusion deposition process used in BAAM, a semi-molten polymer is extruded through a nozzle
mounted at the end of the extruder and deposited layer-by-layer. The material used to fabricate the samples was
acrylonitrile butadiene styrene (ABS) reinforced with 20 wt% carbon fibers supplied by Techmer ES. The printing
parameters and extruder temperatures are listed in Table 1. The bed temperature was maintained at 110 °C to
assist with initial layer adhesion. A hollow hexagon with a side length of 457.2 mm, wall thickness of 140 mm, and
height of 114.5 mm was printed. Then, several 101.6 mm cubic samples were extracted from the hexagon through
a milling process.

To perform the ultrasound test, two types of low quality interlayer bond were considered. The first type was
simulated artificially while the second type was manufactured by reducing the bond quality during the printing
process. In the simulated defect case, the samples were placed in a compression tool, as shown in Fig. 7. This
tool was fabricated to produce loaded contacting interfaces, while accessing both sides of the samples to excite and
receive the ultrasound. The load on the samples can be controlled and applied by tightening the nuts at the ends of
the two threaded high-strength steel rods that connect the two solid caps using a torque wrench. A data acquisition
board with a Labview program was used to measure the applied compressive load from the two precise load cells
(FUTEK LTH400) at the other ends of the rods. To mimic a poor interlayer bond, two cube samples were placed
in the compression tool and loaded with a pressure of 15 kPa. A liquid polymer (C,H>,+2) with 0.1 mm thickness
was placed between the samples to better simulate the defect [7].The second type of defect was introduced in the
BAAM using a different speed and the same printing parameters and extruder temperatures mentioned in Table 1.
The layer time was increased to 196 seconds to allow layers to get cold before the deposition of a new layer. The
layer time refers to the time interval of one complete layer extrusion deposition. Hence, the bond quality between
layers was reduced. Three cases were considered: 1. A sample with perfect interlayer adhesion, 2. A sample with
a simulated poor interlayer bond and 3. A sample with inherent poor interlayer bond.

An arbitrary wave generator was used to generate a sinusoidal signal. To acquire the desired high voltage
excitation, the initial signal was amplified by 26 dB (e.g. increasing amplitude by 20 times) using a high-power
amplifier (excitations with peak-to-peak amplitudes of 90-170 V with 10 V increments are used). A 21-cycle
sinusoidal signal (Fig. 9) with a center frequency of 500 KHz is excited using a resonance 25.4 mm (1 inch) diameter
piezoelectric contact transducer (Panametrics) to provide a sufficiently long steady signal. Another reason for
selecting the number of cycles equal to 21 was to avoid tail effect which can cause the generation of subharmonics [51].
The smallest cubic sample dimension in this experiment was 0.1016 m. Since the ultrasonic waves speed in polymer
material is around 2000 m/sec, the travel time of the excited wave from one side of the sample to the other side
is equal to 50.8 uys. Hence a relatively small excitation time was selected by limiting the number of cycles to
avoid the tail effect. On the other side of the samples, a broad- band 25.4 mm (1 inch) diameter piezoelectric
contact transducer (Panametrics) with an effective frequency of 500 KHz is used as a receiver to record the received
waveform. The frequency bandwidth of the receiver transducer is not wide enough to cover the fifth harmonic. For
capturing signals, a LeCroy WAVERunner 6050A oscilloscope with a sampling frequency of 50 MHz and variable
sensitivity of 2mV —10V/div were used. The large-diameter transmitter is used for two reasons: 1. to input higher

ultrasound energy and enhance the signal-to-noise ratio (SNR), and 2. for a smaller beam spread angle to avoid
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Fig. 6: The BAAM system deposition head.

side interference at the receiver point. The sample width is sufficiently large to avoid any side interference. Because

the SNR is enhanced, amplifying the received waveform is not required, which can reduce the nonlinearity due to

electronics. The experimental setup is shown in Fig. 7 and a schematic representation of it is displayed at Fig. 8.
The next section presents the behavior of ultrasonic waves while interacting with poor interlayer bonds in the

time, frequency and phase-space domains.

4. Results

4.1. Sample with simulated poor interlayer bond

Here, the time and frequency domain analysis as well as phase-space representation of the received ultrasound
signals of the intact sample and the sample with the simulated defect are presented. Fig. 10 presents the windowed
time domain response and frequency responses of the received ultrasonic signal with excitation amplitude of 170 V
for the intact sample. From the time domain response of the intact sample, a simple harmonic response is observed.
Additionally, according to the frequency domain analysis, no higher harmonics are detected. This can imply the
linear behavior of ultrasonic waves in the intact sample. Furthermore, it highlights the fact that the testing setup
does not have an inherent source of nonlinearity.

Fig. 11 shows the time domain responses of the received ultrasonic waves of the defected sample with different
excitation amplitudes. A small window (20 us) of received ultrasonic waves is used to better illustrate the nonlinear
behavior of these waves in the time domain. For the data analysis, however, the full length of the signals was
used. Observed asymmetric response specially for larger voltage implies a different displacement field for tension

and compression. This observation is similar to bi-linear nonlinear model shown in Fig. 4. However, there is a
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Table 1: Printing parameters and extruder temperatures

Printing parameters

Layer Height (mm) 3.8
Bead Width (mm) 8.5
Nozzle Diameter (mm) 7.6
Gantry Speed (mm/sec) 276.4
Number of Layers 30
Screw Speed (RPM) 300
Layer Time (Sec) 08
Total Print Time (Min) 50
Zone 1 Temperature (°C) 177
Zone 2 Temperature (°C) 177
Zone 3 Temperature (°C) 205
Zone 4 Temperature (°C) 232

Zone (Tip) Temperature (°C) 250

noticeable difference in the observed and bi-linear responses in the time domain. Although, the distortion of signals
potentially caused by nonlinear behavior is observed from Fig. 11, it is not possible to classify the cause of these
distortions. As mentioned earlier, the time domain response is not a reliable source for model classification as well
as defect characterization.

Fig. 12 demonstrates the frequency analysis of the received ultrasonic wave of the defected sample excited with
90 V amplitude. In Fig. 12, no higher harmonics are observed. Fig. 13 presents the frequency domain analysis of the
received ultrasonic waves in the defected sample excited with amplitudes of 100-140 V. The initiation of the third-
harmonic generation is observed in classical nonlinearity models, bi-linear models, and hysteresis models. However,
the third-harmonic generation in the aforementioned models is accompanied by the generation of other harmonics.
In contrast, in Fig. 13, the first and third harmonics are the only observed higher harmonics. Furthermore, this
result cannot be explained using bi-linear model because in this model the generation of the second harmonic prior
to the generation of the third harmonic was expected. Furthermore, in the bi-linear model the second harmonic
had alarger amplitude when compared with the third harmonic. However, in Fig. 13, the generation of the second
harmonic is not observed.

The generation of higher harmonics in the frequency domain is expected with an increase in the amplitude of
ultrasonic waves. In Fig. 14, as the amplitude of excitation increases, the fourth and second harmonics are observed
in the frequency domain. The aforementioned harmonics (or generation of the first four harmonics) with the
observed relative amplitudes have not been explained previously using any of the mathematical nonlinear models.
As mentioned earlier, the frequency domain is unreliable because by transferring nonlinear data to the frequency
domain, important information about the states of a nonlinear system may be lost. Consequently, the behavior of

ultrasonic waves—while interacting with a poor interlayer bond—in the phase-space domain is investigated. Before
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Fig. 8: Schematic representation of experimental setup showing the compression tool and ultrasound testing system.

constructing the phase-space domain, two important variables should be determined: embedding dimension and
time lag. Using the methods mentioned in Section 2, embedding dimension for all received signals calculated to
be 2. Further, using the average mutual information theory, the time lag ratio for each signal was calculated.
The minimum value of each curve in Fig. 15 is considered as the time lag ratio, which is required for generating
phase-space representation.

As the phase-space analysis transfers data to a new domain without potentially losing information [27, 50],
the results based on the phase-space analysis can be used to complement the time domain and frequency domain
analyses for more accurate and reliable damage detection or behavior characterization. The phase-space domain
better retains and illustrates all possible states of the system. The phase-plane representation of the ultrasonic wave
for intact sample is shown in Fig. 16. The circular trajectory of system’s behavior in this domain is observed which
verifies the linear behavior of ultrasonic wave. Also, the linear behavior of received ultrasonic signal can verify that
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testing setup does not have unfavorble nonlinearity source to alter the result. The phase-plane representation of
the ultrasonic waves of defected sample is shown in Fig. 17. Fig. 17 shows that the ultrasonic waves start their
nonlinear behavior when excited with amplitudes of 90 V or more, as the phase-space representation of the waves
are not circular any more for the defect sample. The nonlinear behavior of the ultrasound wave could not be verified

for 9o V excitation in the frequency domain showing that the phase-space domain is more effective than frequency
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Fig. 11: Evolution of ultrasonic waves in the time domain.

domain in revealing this type of behavior. By increasing the amplitude of excitation, the behavior of the waves
shifts to a classical nonlinear model with a cubic term. This behavior is discernible for ultrasonic waves with an
amplitude up to 130 V. the classical nonlinear behavior transforms to a model with curved sides, which has not
been reported previously. A classical nonlinear model with a cubic term has the first, third, and fifth harmonics.
Another advantage of the phase-space analysis is its sensitivity to the amplitude of excitation. Fig. 17, shows
that a slight change in the excitation amplitude results in a noticeable change in the ultrasound wave behavior in the
phase-space domain. This advantage can prove the phase-space analysis to be a suitable approach for monitoring
weak adhesive bonds that are difficult to detect using the frequency domain analysis. While interpreting data in
the frequency domain can be challenging, the phase-space representation of ultrasonic waves provides a geometric
representation of their behavior. The linear and nonlinear behavior of these waves is easily discernible by the observer
because the linear behavior forms a circle in the phase-space domain. The phase-space domain provides an easy and
reliable classification tool distinguish nonlinear behaviors when compared with the frequency domain analysis. This
accurate system behavior classification ability can enhance the mathematical modeling of the nonlinear behaviors.
Finally, for quantifying the behavior of nonlinear ultrasound waves while interacting with poor interlayer bond,
LLE values with respect to amplitude of excitation for intact sample as well as defected sample are displayed in
Fig. 18. Increasing trend of LLE values when excitation amplitude increases can be observed from Fig. 18 for
defected sample. The larger value of LLE asserts that phase-space trajectories are diverging from each other with
higher rate. On the other hand, for intact sample, the LLE values are significantly smaller than the LLE values
obtained from the sample with poor interlayer bond. The LLE remains constant with increasing the amplitude of
excitation. This result shows that LLE can be used as a reliable quantitative damage-sensitive feature to detect
and potentially characterize weak bonds, which are difficult to detect using conventional approaches. Additionally,

this observation quantitatively proves that nonlinear behavior of ultrasound while interacting with poor interlayer
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Fig. 12: Frequency response of received ultrasonic waves with amplitude of 90 V for defect sample.
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Fig. 13: Frequency response of received ultrasonic waves with amplitude of 100-140 V for defect sample.

bonds is amplitude-dependent.

4.2. Sample with inherent poor interlayer bond

In the inherent defect case, the results of ultrasonic testing with 170 V amplitude are shown in Fig. 19. In
the same way as the intact sample, the results did not show dependency on amplitude. Hence, only the results
of ultrasonic testing with 170 V amplitude were reported in Fig. 19. In Fig. 19 (b), frequency analysis of the
received wave is displayed. Interestingly, the subharmonics can be seen in frequency domain response. According
to [51], large-amplitude ultrasonic excitation can cause a nonlinear effect in the presence of closed cracks that can
generate subharmonics in frequency domain response. The observation of subharmonics, in this case, can be used
as a sensitive feature for quality control of the 3D printed materials. Also, as it is shown in Fig. 19, the phase-space
trajectories for ultrasonic signals are completely different compared to the intact sample’s trajectories. In contrast
to the simulated case, the phase-space domain is not as useful as it was in the simulated case for model identification.
It can, however, be used to quantitatively reveal inherent dynamic behavior of the system that cannot be readily

determined in both time and frequency domains.
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Fig. 15: Time lag to excitation period ratio calculated by average mutual information for the received ultrasonic signals.

Additionally, LLE values were calculated for different amplitudes, and results are displayed in Fig. 20. sample
with inherent poor interlayer bonds yields larger LLE values compared to the intact sample. This highlights the
sensitivity of the phase-space domain to the sample’s condition. The LLE value extracted from the phase-space
domain is a reliable feature to characterize nonlinear ultrasonic waves behavior in additive manufactured parts with
poor interlayers bonds. Comparing Fig. 18 and Fig. 20, one can observe that the increasing trend of LLE with
respect to excitation amplitude is less pronounced in the sample with inherent poor interlayer bonds. This might be
due to the fact that the simulated defect bond is much weaker compared to the sample with inherent poor interlayer
bonds. It should be noted that in general for nondestructive testing applications, damage sensitive features that

are less sensitive to the excitation amplitude are more reliable in detecting and evaluating defects.

5. Conclusion

This study considers the resulting nonlinear behavior in the phase-space domain of ultrasonic waves while
interacting with poor interlayer bonds. Two different samples with poor interlayer bonds were considered. In the
first case, two 3D-printed polymer cubic samples with a liquid polymer between them were used to simulate a poor

interlayer bond. Then, the samples were placed inside a compressive tool that applies compressive force on both

16



X(t+71)

X(®)

© & E
+ + 1
= = >
© i ©
o+ + +
= = >
160 Y 170V
B w ©
1 + 1
= = >
1

Fig. 17: Nonlinear Evolution of ultrasonic waves in the phase-space domain.

s sides of the sample. Simultaneously, ultrasonic testing with different amplitudes was performed. For the second

2 sample, the speed of printing process was intentionally decreased to create real poor interlayer bonds.
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Fig. 19: Time domain, frequency domain and phase-plane evolution of ultrasonic wave form with 170 V amplitude for sample withweak

interlayer bonds.

Contrary to the conventional approach of using ultrasonic waves in the frequency domain to study the ultrasonic
wave behavior, the phase-space reconstruction of the received ultrasound signals was considered. The frequency
domain analysis of the nonlinear systems in the first case was confirmed to be less sensitive method to study the
behavior of the dynamical system, whereas the phase-space domain analysis of nonlinear dynamical systems can
retain information regarding all possible states of the system.

The advantages of using the phase-space domain analysis of the received ultrasound waves were as follows. First,
the phase-space domain analysis provided a geometrical representation of the system behavior. This helps in easily
identifying subtle changes in the system behavior. Hence, the classification of a system’s behavior and identifying
abnormal behavior is straightforward. The frequency domain analysis relies on the generation of higher harmonics
to identify or classify the behavior of a nonlinear system. Observation of higher harmanics can be significantly
hampered for signals with low SNR. Second, the reported results for lower amplitude of excitation verify that the
behavior of simulated poor interlayer bonds can be classified as a classical acoustic nonlinear model with a cubic

nonlinearity term. This is important because it can be a strong foundation for generating mathematical models for
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this type of defects (e.g. poor interlayer bond). In addition, for larger excitation amplitude, the results show that
the behavior of ultrasonic waves is amplitude dependent and evolves into models that have not been previously
reported. Further, the ultrasonic waves trajectories rate of divergence in the phase-space domain calculated using
LLE. The increasing trend of LLE values when increasing the excitation amplitude verifies that nonlinear ultrasound
waves tend to diverge with higher rates while interacting with poor interlayer bonds at large excitation amplitude.
Furthermore, this observation is another proof showing that nonlinear behavior of ultrasound while interacting with
poor interlayer bonds is amplitude dependent. Additionally, the viability of the LLE as a damage-sensitive feature
for the detection of poor interlayer bonds in polymer-based additive manufactured parts was shown.

In conclusion, although the frequency domain analysis is an important tool that provides insight into a system’s
initial behavior, it is important to analyze the system behavior in a powerful domain that considers all possible
states of a nonlinear system. Utilizing mathematical tools such as recurrence analysis and Lyapunov exponent in
the phase-space may provide more reliable and accurate tools for detection and evaluation of poor interlayer bonds

in AM components.
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