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Abstract

In this work, the acoustic resonance testing method has been extended by a finite element analysis of the examined com-
ponent to localize cavities within die casting parts. This novel method aims at a fast and efficient quality inspection which
allows hidden cavities in cast components to be detected, which is only possible with X-ray technology at the moment. The
promising results show that this method enables the localization of shrinkage cavities. Furthermore, the influence of product
scatter has been analyzed regarding the accuracy of the calculated position of artificial defects.

Keywords Quality inspection - Die casting - Acoustic resonance testing - Impulse excitation - Casting defects

1 Introduction

Quality assurance is a key aspect of modern mass production
in general and of casting processes in particular. Compared
to other mass production techniques like metal forming and
machining, metal casting has a comparatively high percent-
age of scrap parts with defects. Due to complex process con-
trol, casting defects like cavities occur in the components,
which have to be detected in a quality assurance process.
Depending on the geometry of the part and the casting pro-
cess itself, these cavities cannot be detected by visual inspec-
tion, since they are not visible on the surface. Therefore,
quality assurance methods have to analyze the whole volume
of the component for defects.

1.1 Acoustic resonance testing

Acoustic resonance testing (ART) as a nondestructive test-
ing method is based on the excitation of a specimen by an
external mechanical impulse [1]. Hitting the specimen with
a hammer is a suitable method for impulse excitation [2].
Alternative excitement methods are for example a ball
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drop, dropping the specimen, laser pulses, or compressed
air pulses [1]. Ideally, this impulse provides constant energy
at all frequencies which causes the specimen to vibrate in
its inherent eigenmodes and corresponding eigenfrequen-
cies [3]. This vibration is long-lasting since resonance
within the specimen is obtained. Other frequencies which
do not correspond to the excited eigenmodes—thus are not
resonant—die out quickly [4]. Damping leads to a slowly
decreasing vibration of resonant modes that eventually die
out with time, due to inner friction of the specimen.

The occurring eigenmodes, eigenfrequencies and

damping factors represent the vibration characteristics of
the specimen. A physical signal results from measurement
with a microphone, laser vibrometer or accelerometer [1].
Deviations and flaws influence the vibration characteristics
of a specimen which is exploited for qualitative compari-
son [5]. Thus, ART compares the measured physical sig-
nal of the examined specimen against a reference signal of
already sampled specimens which are within component
specifications (OK part). There are already first studies
which analyze the possibility of locating flaws in compo-
nents based on simulation data. Lai et al. found it possible
to locate flaws from a theoretical point of view and that the
effects of multiple flaws can be simplified by linear superpo-
sition [6]. Furthermore, Lai and Sun found that changes to
the eigenfrequencies of a component due to varying physi-
cal properties, like density, can be calculated with a linear
regression model [7]. This research group also analyzed the
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influence of the defect type (cavity, crack, mixed) on the
location of a flaw based on simulation data [8]. Schmidt
and Steinbuch analyzed the effect of mechanical flaws in
components in comparison to manufacturing tolerances [9,
10]. They found that the flaw location significantly correlates
with specific eigenmodes. This allows to pinpoint the flaw to
areas in the component which influence the eigenmode most.
Zhang and Yan combined a systematic FEM approach with
experimental measurements and showed that it is possible to
locate multiple cracks in a simple cantilever geometry [11].

1.2 Quality assurance of cast parts

Almost all cast components have shrinkage cavities of dif-
ferent sizes, starting with micro pores [12]. If a cast compo-
nent is scrap (NOK) or an OK part, depends on the size of
the cavities, their position and the quality specifications of
the component [13]. Therefore, it is important that methods
for quality inspection are able to localize cavities, since the
presence of a cavity might be tolerable in one area of the
component, while it is not in another. X-ray tomography is
the standard method for scanning cast parts for defects, since
it is able to determine the position and size of cavities with
high accuracy [14]. However, the process of X-ray tomogra-
phy is very time-consuming and expensive. In recent years
the interpretation of the X-ray images has been automated
with artificial intelligence for some use cases [15]. Never-
theless, industry standard is still the analysis of the images
by skilled workers.

Therefore, some articles have proposed to implement
acoustic resonance testing as a low cost alternative [16].
Psiuk et al. utilize the impulse excitation method for moni-
toring a gel casting process of ceramics [17]. However,
these methods are only able to detect an acoustic difference
between an ideal part and the specimen in question. It is not
possible to further investigate the cause for a discrepancy in
the frequency domain, which would lead to more informa-
tion about the defect [16].

This article aims to overcome these issues and studies
whether it is possible to experimentally localize cavities in
die casting components via impulse excitation technique.
Furthermore, it analyzes how the position of the cavity and
the tolerances of the components, which are determined by
the die casting process, affect this localization.

Table 1 Chemical composition of the utilized specimens

2 Materials and methods
2.1 Specimens

The specimens utilized for this article are aluminum angle
brackets, produced with a high pressure die casting process.
The chemical composition of the alloy has been determined
with an Optical Emission Spectrometer Foundry-Master
from Worldwide Analytical Systems GmbH and is presented
in Table 1. The chemical composition corresponds well to
the aluminum alloy EN 46100, which is a typical die cast-
ing alloy [18]. The elastic modulus was determined with a
“Nanotest Vantage” (Micro Materials Limited), equipped
with a spherical tip according to the method of Oliver &
Pharr [19] and the measurement procedure described by
Lechner et al. [20]. One specimen was tested in 75 locations
which led to a reduced modulus of 97.4 GPa with a standard
deviation of 7.14 GPa. With a Poisson ratio of 0.33 this leads
to an elastic modulus of 93.7 GPa.

50 unmodified pieces have been analyzed with impulse
excitation to quantify scatter for each natural frequency
resulting from product tolerances due to the die casting
process. Furthermore, holes have been added to three angle
brackets to emulate casting defects. The position of the cavi-
ties is varied for a parameter study. The bracket angle is
shown in Fig. 1 with the positions of the holes P1-P3. For
each position one bracket angle was adapted with a hole of
5 mm diameter.

Fig. 1 Specimen utilized in this article. On the top side, three posi-
tions P1-P3 are marked as blue circles, where holes are drilled into
the specimens as artificial casting defects

Al Si Fe Cu Mn
84.0 12.1 0.825 1.87 0.162
Mg Cr Ni Zn Ti
0.159 0.0433 0.143 0.498 0.0459
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2.2 Testbench

The main component is a horizontal frame, that sup-
ports a portal frame and a rotatory table (Physik Instru-
mente, M-037) which is driven by a stepper motor.
Overall, the test bench has dimensions of approximately
470mm X 470 mm X 380 mm and is depicted in Fig. 2.

The specimens are positioned on relocatable conical rub-
ber buffers on a turntable subdivided into five segments. It is
mounted to the rotatory table and allows for five tests within
a test cycle. This concept ensures flexibility in positioning
and approximately free vibration of the specimens.

A solenoid is used for impulse excitation. It is mounted
to the portal frame, which is adjustable in all directions in
space. Consequently, the solenoid can be positioned to avoid
multiple or long-lasting contact with the specimen. Its stroke
is 25 mm and the holding force at the end of the stroke is up
to 45 N. The hammer of the solenoid is lightweight, which
has several advantages. First, it accelerates quickly. Second,
it reflects well from the surface of the specimen, which helps
to avoid double contacts and long contact times. Further-
more, the microphone is mounted to the portal frame next
to the solenoid. We performed preliminary experiments
regarding the position of the microphone and found that its
is advantageous if the microphone is positioned approxi-
mately 15 mm from the analyzed component, but has as
much distance to the location of impact as possible to reduce
the noise of the solenoid in the signal.

A single-board computer (Raspberry Pi 3 B+) controls
the test routine of the test bench. It communicates via serial
connections with a microcontroller (Arduino UNO Rev3)

Specimen V

| Supports I’

Fig.2 Test bench for Acoustic Resonance Testing

and a control unit to which the microphone is connected.
The microcontroller drives both the stepper motor and the
solenoid. Furthermore, it reads the signal of the microswitch,
which is used for homing the rotatory table. The test routine
is implemented via a custom python program on the Rasp-
berry Pi. The program builds on the library PyQt5; Within
the test routine, all necessary processes for operating the test
bench are invoked. This includes bilateral communication
to the Arduino board in order to actuate the mechatronic
components. Also, the recording process, data processing
and data visualization are handled by the program.

2.3 Modal analysis and spatial sensitivity

The modal analysis in this article has been performed in
Abaqus 2018 with the Finite Element Method (FEM). A
geometrical model of the specimens was meshed with tetra-
hedron C3D10 [21] quadratic elements and a seed distance
of 2 mm. The calculation was performed with a Lanczos
solver up to 20 kHz. The meshed model is shown in Fig. 3,
with a 5 mm hole (top) and without a cavity (bottom). The
coordinate system which will be utilized in the following is
depicted in Fig. 3, as well. The artificial cavity can be moved
systematically through the component with a python script.
The model has two symmetry planes and the one which is

Fig.3 FE model meshed with 2 mm tetrahedron elements. The
drilled hole can be systematically moved through the component (top)

@ Springer



872

Production Engineering (2022) 16:869-877

defined by the z-axis and the points P2 and P3 affects this
study. Therefore, we expect identical results in the marked
triangle in Fig. 3 for positions which are symmetrical to the
P2-P3 axis. To avoid edge effects, the hole is only moved
in the blue area of Fig. 3 (bottom), which has a minimum
distance from the borders of the top surface of 3 mm. There-
fore, open holes are avoided for this feasibility study. The
material model for the FE simulation is purely elastic with
a density of 2700 kg/m? [18].

In a first step, it is necessary to analyze how the position
of a cavity in the cast part affects the eigenfrequencies of
the specimens. Therefore, a hole with 5 mm diameter was
moved systematically in the simulation model in the area
specified in Fig. 3. The eigenfrequencies of the model are
calculated for a regular hole grid of 2 mm distance and inter-
polated between those grid points. These results are com-
pared to the calculated eigenfrequencies of a bracket angle
without a cavity and normalized. This change is calculated
as follows:

_ f;sim _ g?“im(x, y)

Af; -
f;'Slm

6]

The results are detailed in Sect. 3.1.
2.4 Test procedure

To test the feasibility of a cavity localization, three speci-
mens with 5 mm holes in different locations P1-P3 are
analyzed on the test bench from Sect. 2.2. The results are
compared to an average spectrum of ten randomly chosen
specimens without a cavity to emulate realistic conditions
for an industrial application. The comparison of the reso-
nance spectrum of one specific specimen prior and post
drilling seems too trivial. When comparing one specimen
to a representative sample size, the experiment serves as a
first indicator how the characterization method copes with
product scatter, which affects the resonance spectrum. The
results of this study are presented in Sect. 3.2.

Furthermore, the eigenfrequencies of the three specimens
with holes at the positions P1-P3 are compared to 40 speci-
mens without a cavity to predict the position of the cavity.
These results allow to analyze the influence of the manufac-
turing tolerances on the accuracy of the measurement, which
will be presented in the second part of Sect. 3.2.

2.5 Algorithm to locate the cavity
Preliminary experiments have shown that the eigenfrequen-

cies 1-13 can be detected automatically in the experimen-
tal signal. Therefore, these frequencies are utilized for this

@ Springer

analysis. The average spectrum ensures that the test condi-
tions for the algorithm are representative for an industrial
application. The eigenfrequencies of the average specimen
are denoted with f;, while the eigenfrequencies of the speci-
men with a cavity are denoted g;, where i is the number of a
specific eigenmode. Expression 2 describes the term which
is minimized with respect to the variables x and y being
the coordinates of the flaw. The minimum root mean square
error for all eigenfrequencies yields the predicted position
of the flaw.

In expression 2, the relative effects of a cavity in the
simulation are compared to the effects of a cavity in the
experimental specimens. The minimum with respect to all
13 eigenfregencies leads to the prediction of the cavity posi-
tion. Each eigenfrequency is normalized with the first eigen-
frequency in the corresponding spectrum. This reduces the
influence of fluctuating stiffness in the specimens’ popula-
tion. Ideally, the simulation models the geometry and the
material of each part accurately. However, inaccuracies of
the simulation model compared to each specimen result from
production tolerances which are typical for die cast parts, for
example variations of the geometry and the elastic constants.
Both depend strongly on the current process conditions
which can vary from part to part. Therefore, a fault tolerant
formulation of the minimization problem is necessary. This
relative comparison is advantageous since inaccuracies in
the simulation model can be disregarded as long as the rela-
tive effect of the cavity is not affected. The symmetry in the
specimen has been utilized to reduce the calculation effort.

i i e
exp ; pexp
P g

min(x,y)

. 5 i i E 2
fiszm/flszm — gf""(x, Y)/gilm(x, y) ’ ®

f;'xim /flxim

Furthermore, a compensation for varying physical properties
of the specimens is utilized to improve the prediction results
and to cope with the manufacturing tolerances. The mass is
determined and utilized to adapt the measured eigenfrequen-
cies with a linear regression model analogous to the calcula-
tion proposed by Lai and Sun [7], who found that a linear
function is able to describe the influence of a change in den-
sity of up to 3%. Therefore, a factor is calculated for each
eigenfrequency with a best fit to describe the linear function
between the mass and each eigenfrequency. These factors are
utilized to correct the deviation from the mean of the mass,
which is implemented in the finite element simulation.
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3 Results and discussion
3.1 Spatial sensitivity analysis

The results of the spatial sensitivity analysis are depicted
in Fig. 4 for eigenfrequencies 1-8. The color of every pixel
indicates the change of the respective eigenfrequency if a
hole of 5 mm diameter is added to this position. Figure 4
shows the important result that cavities in certain areas of
the bracket angle influence the eigenfrequencies in a specific
manner, which hopefully allows the cavity to be located by
comparing this specific combination of eigenfrequencies to
a specimen without a cavity. Furthermore, the results are
symmetrical to the symmetry plane of the angle bracket,
which is not surprising. Therefore, it is not possible to differ-
entiate between two symmetrical locations. However, from
a technical point of view, this seems not problematic. The
reason for the localization of cavities is the evaluation, if the
component is scrap or within specifications. Typically, tech-
nical specifications do not differentiate between symmetric
areas of a component, either. Therefore, the technical goal
for this study is not affected. The results of the section lead
to the conclusion, that a localization of the cavity is possible
in principle, which will be studied in the next section.

3.2 Flaw localization and influence
of manufacturing tolerances

The results for the estimation of hole positions P1-P3 are
shown in Fig. 5. The predicted position of the cavity is
depicted in blue, while the flaw is depicted in red. The sys-
tematic error is 4.5 mm for P1, 3.2 mm for P2 and 2.8 mm
for P3. Repeating the determination of the eigenfrequencies
for a specimen nine times showed that the random meas-
uring error is negligible. For repeated measurements, the
mean standard deviation for all recorded eigenfrequencies is
0.007 %, which does not alter the predicted cavity position.

These first experiments show, that it is possible to esti-
mate the position of the cavity by utilizing expression 2
and comparing the spectrum of one specimen to the mean
spectrum of ten specimens. The remaining systematic error
results from model errors, which are deviations of the mate-
rial properties density and Young’s modulus and deviations
of the geometry. Homogeneous fluctuations of the Young’s
modulus or the density which change the eigenfrequencies
by a constant factor are negligible due to the normaliza-
tion and the relative calculation of the global minimum in
expression 2. Therefore, the systematic error results from
inhomogeneous scatter of these properties. For example, the
solidification in the die casting process can vary locally due
to scatter in the coating thickness of the mold, which locally
influences the Young’s modulus. The next step will analyze

the extent of this scatter from part to part and its influence
on the estimation of the cavity position.

To quantify the systematic error, 40 specimens have been
compared individually to each of the specimens with a hole
in positions P1-P3. This leads to a mean systematic error of
7.9 mm for P1, 3.7 mm for P2 and 3.1 mm for P3. The stand-
ard deviations are 4.1 mm, 3.9 mm and 1.9 mm (P1-P3), if
expression 2 is utilized without further information about the
specimens. Additionally, the mass of the specimen was uti-
lized to adapt the measured eigenfrequencies, as described
in Sect. 2.5. This leads to an improvement of the systematic
error and the corresponding standard deviations. The results
are detailed in Table 2

Figure 6 depicts a scatter plot with the predicted centers
of each flaw marked with blue dots after the implementation
of the regression model. For each flaw position P1-P3, the
individual predictions are grouped around the flaws. The
mean systematic error is 7.9 mm for P1, 3.0 mm for P2 and
2.8 mm for P3. The standard deviations are 2.6 mm, 1.9 mm
and 1.8 mm. These results show that the systematic error
and the scatter depend significantly on the position in the
component. Therefore, the local manufacturing tolerances
should be analyzed in the future to further quantify the spa-
tial accuracy of this method.

4 Discussion of industrial applicability
and remaining future work

From an industrial application point of view, these are prom-
ising first results. Combined with an FEM modal analysis
it may be possible in the future to not only detect cavities
in complex industrial components, but also to localize them
in specific areas of the component. At the moment, this is
already possible for the specimens at hand for single flaws
with a constant flaw size. The accuracy of the localization
depends on the position of the flaw in the component and
product scatter due to the casting process. With the algo-
rithm at hand it is possible to inspect cast parts and to auto-
matically compute an evaluation if the component is within
specifications or not in only a few seconds compared to a
much longer time and effort in X-ray tomography. Thus,
there is still remaining research work to do to reach industrial
applicability. In future work, we will characterize in detail
the product scatter for exemplary cast parts. This allows a
monte carlo analysis of the inspection process which leads
to a quantitative probabilistic estimation of flaw positions
in cast components. Therefore, the inspection results can be
expressed as a probability of an OK part. Furthermore, the
influence of multiple flaws and their respective size has to
be investigated.
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Fig.5 Results of a cavity localization with expression 2 for positions
P1-P3. The predicted position of the cavity is depicted in dashed
blue, while the flaw is depicted in solid red

Table2 Mean systematic error and standard deviation (Std) of the
estimation of the cavity position without additional data and with the
linear regression incorporating mass of the specimens

P1 (mm) P2 (mm) P3 (mm)
Equation 2 7.9 3.7 3.1
Std 4.1 3.9 1.9
Equation 2 with
regression 7.9 3.0 2.8
Std 2.6 1.9 1.8

5 Conclusion

In this article, we studied the feasibility of a flaw localiza-
tion in die cast parts by applying acoustic resonance testing
combined with a finite element analysis of the cast compo-
nent. The presented results show that it is possible to locate
a flaw in a specific area of the specimen. A degree of uncer-
tainty will remain after the acoustic assessment. However,
this will lead to quality improvement for a lot of casting
products which are currently not checked for cavities at all,
for cost reasons. These first results are promising that a fast
and efficient quality inspection method is possible, which
has significantly lower cost per part than X-ray tomography.
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