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ABSTRACT

The use of additively manufactured metal parts has increased dramatically in the past few years. This has drawn
considerable attention to the as-built mechanical properties of these parts and their ultimate durability. Additive
manufactured parts have a wider variation in properties than parts made with classical techniques. These variations are
dependent on several parameters including the specific additive manufacturing technique used, the material, build
variables, part orientation during the build, and secondary operations required to remove support structures required for
the additive build. Non-destructively verifying the quality of these parts is especially important to aerospace, automotive
and defense applications where failure can be catastrophic. This paper describes an ongoing research project that utilizes
nondestructive techniques to detect defects, damage, and other variations of mechanical properties in additively
manufactured metal parts that could reduce the quality of the part. The dynamic properties (frequencies and modes of
vibration) provide a characteristic “signature” for all parts. If a part has any significant variations in elastic modulus,
density, dimensions, microstructure, internal flaws or defects, the vibrational “signature” will change, and this variation
can be detected. The monitoring process used combines Laser Doppler Vibrometry with acoustical resonance
spectroscopy. Multiple spectra measured for different excitation and testing conditions are combined into a single
spectrum, which is then compared with finite element analysis predictions. Any variation in the spectrum pattern is an
indicator of damage. This non-destructive technique was used to successfully detect damage in a series of metal parts
manufactured with predefined defects using a Selective Laser Melting (SLM) technique with two 400-watt lasers to micro-
weld the metal powders at 30-micron layers.
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1. INTRODUCTION

The Additive Manufacturing (AM) market is expected to grow to an impressive 23 billion by 2026 growing at a high rate
of 14.4% per year. In the past 8 years this market had already has grown by nearly 500%?2. From its infancy in
stereolithography in 1987, additive manufacturing has matured into a key resource for a growing number of aerospace,
automotive and general manufacturing companies. The advantages of additive manufacturing include being able to produce
flexible and more complicated designs, quicker production time especially of protypes, lower resource requirements,
smaller inventory requirements, and substantial savings on tooling over traditional manufacturing technologies. Additive
Manufacturing has a strong potential in two fields: (i) when a part’s geometry is too complicated to be easily machined,
and (ii) for alloys that harden when machining is attempted. AM enables manufacturing techniques to be a key design
variable that often induces product innovation. With the new high-volume AM machines, companies can make relatively
large production runs (10,000-50,000) with much faster turn-around times®. AM began as a tool for prototype development,
but it is now poised to enter the market for high-volume production-ready parts. Another key development in the adoption
of AM in the aerospace and automotive industries is the ability to now produce metal parts from powdered versions of
titanium, steel, nickel, aluminum, and cobalt alloys, all of which have various properties that can be used to make high-
performance parts.

There is, however, a critical need to develop techniques that will certify these AM parts to detect intentional and
unintentional deviations from the desired quality. This is especially important due to the large number of variables in both
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the design, build and part post-processing of AM parts. Resulting deviations in manufactured components are currently
difficult to detect without extensive inspection or destructive testing. New technologies are needed to certify AM products.

This paper describes ongoing research to develop processes that can verify the quality of AM metal parts. The overall goal
is to develop, design, test, and construct a prototype of an Authentication Sensing System Using Resonance Evaluation
Spectroscopy (ASSURES) that has the capability to characterize and certify components produced by Additive
Manufacturing (AM)%.

ASSURES uses Laser Doppler Vibrometry (LDV) combined with acoustical resonance spectroscopy® (ARS) to measure
the vibrational spectrum of an object under inspection in a quick and simple manner. In parallel to experiments, a
simulation employing Finite Element Analysis (FEA) is used to determine the characteristics vibrational characteristics of
a non-damaged part. Besides the resonance modes, the FEA model also provides information to optimize measurement
points, excitation points and frequencies that are crucial for detecting specific anomalies. The ASSURES system is unique
in that it does not have to contact the part to collect data. This expands the ability to collect data efficiently from many
points on the part. A “good” part establishes the vibrational “signature” by identifying specific resonant peaks, their shifts
and splits, and other variations, are interpreted as deviations from the standard and may indicate damage.

2. PROCEDURE

Our previous studies on AM rocket nozzles® showed that we could identify suspicious components that may contain defects
by 1) observing anomalies in the vibrational spectrum (ASSURES signature), 2) observing unusual patterns in the
vibrational modes, and 3) observing asymmetric signatures that should otherwise be symmetrical for symmetrical parts.
To gain experience and identify potential issues with more complex structures that were not symmetrical, we designed and
manufactured a generic bracket for testing (see Figure 1). During the same additive manufacturing build, we also included
printing tensile stress specimens (“dog bones”) with three different orientations to better understand mechanical property
variations specific to AM procedures.

Figure 1. Bracket selected for manufacturing at Forecast 3D.

The bracket has dimensions of 2” x 4” x 7” and is like brackets used in automotive and aerospace applications. We built
several brackets, with some including programmed defects (voids), as shown in Fig. 2 Our FEA analysis (see the next
section) shows a high number of vibration modes below 50 kHz, and several measurable shifts for each type of defect.
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Figure 2. The widths of each defect (a) 0.25” (b) 0.50” (c) 1.0 (d) defect side view

The side-view of a typical bracket defect is shown in Figure 2(d). Defects are in center of the 0.018” thickness of the
bracket and 0.075” from the right or left walls. The height of the defects are nominally 0.5” however there is a 45 degree
“roof” at the top of the side view of the defect that is required due to the layer-by-layer additive manufacturing technique.

These brackets have a much richer spectrum than the nozzles, with a much higher density of vibration frequencies
The seven brackets were designed as follows:

e 2 with no programmed defects

e 2 with the small defect, of size 0.25” x 0.50” by 0.03” (a))

e 2 with the medium defect, of size 0.50” x 0.50” x 0.03” (b)

e 1 with the large defect, of size 1.00” x 0.50” x 0.03” ()

A photograph of the seven brackets is shown in Figure 3.
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Figure 3. Photograph of the seven AM brackets manufactured for analysis with ASSURES.

We measured the weight of the seven parts, and observed that the weights were not identical, even from two parts built
from the same CAD file. The results are shown in Table for no defect (F1 and F2), small defect (G1 and G2), medium
defect (H1 and H2) and large defect (J1).

Table 1. Measured Weights of the seven AM brackets.

Name F1 F2 Gl G2 H1 H2 J1
Defect None None Small Small Medium Medium Large
Weight (grams) 192.4 193.0 1935 193.0 193.5 193.2 192.4

The brackets from Table 1 were studied with ASSURES. As predicted by the FEA modeling, there are many vibration

3. EXPERIMENTAL RESULTS

modes in the chosen measurement range, and a typical spectrum between 30 — 52 kHz is shown in Figure 4.
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Figure 4. Typical vibration spectrum from an undamaged bracket between 30 — 52 kHz.

In preliminary experiments we observed frequency shifts that appear to be caused by defects in the brackets. Figure 5
shows the spectra between 9,400 Hz and 13,000 Hz for three brackets, F2 (Defect-Free), G2 (Small Defect), and H1
(Medium Defect). All three brackets show the same peak near 9500 Hz, but the peak near 12,500 Hz varies significantly
between the three. F2, the defect free bracket, has a peak near 12,460 Hz, but this peak shifts down to 12,430 Hz for G2

(small defect), and down to 12,330 Hz for H1 (medium defect).

Figure 5. Spectra for three brackets, F2 (No Defect), G2 (Small Defect), and
H2 (Medium Defect), between 9400 — 13000 Hz.

Another example is shown in Figure 6, which shows the shifts of the peak near 7700 Hz for the different brackets — F (no
defect, red curve), G (small defect, green), H (medium defect, blue), and J (large defect, black).
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Figure 6. Shifting of the peak near 7700 Hz for the four different types of brackets.

3.1 Measurements of Vibration Mode Shapes

A powerful feature of the scanning vibrometer is the ability to visualize the vibration mode shapes at each frequency in
the vibration spectrum. These experimentally acquired mode shapes enable us to match the peaks in the frequency spectrum
predicted by FEA (a natural frequency of vibration of the part) to the measured mode shapes. Having this data, it is much
easier to align the experimentally detected resonance frequencies and their mode shapes with those eigenvalues (natural
frequencies) and eigenvectors (mode shapes) predicted using Finite Element Analysis (FEA). This is very important since
not all frequencies of vibration will show up in each experimental test. In order to detect a mode experimentally, that mode
must be both excited and measured. An example, illustrating the importance of collecting the data at well-chosen locations
isshown in  Figure 7. In this figure the fourth order bending mode shape of a simple thin beam is shown superimposed
over its undeformed shape (in light gray).

Figure 7. Optimum locations for measurement at mode shape peaks (green arrows) and worst-case locations (red arrows)
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The green arrows indicate a peak or trough in the mode. These locations are ideal for collecting data since the amplitude
of the vibration and thus the measured response is at the highest (or lowest) point. The red arrows indicate the points in
the part that are not moving much when this mode is excited and thus little, if any, signal will be detected when data is
collected at these points.

For an AM bracket, the scanning vibrometer was set to measure over 700 locations (see Figure 8) to generate the spatial
vibration maps.

Figure 8. Measurement locations on the bracket with the scanning vibrometer.

At each frequency, the scanning vibrometer software produces a 3-D animation of the vibration mode. While these 3-D
animation modes are difficult to view in a paper, we have collected a sequence of screenshots for one mode as an example
of the many frames within the animation (see Figure 9). The actual 3-D animations can be viewed on the YouTube page
for OMS Corporation at:

https://www.youtube.com/user/omscorporation/playlists.
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Figure 9. Six frames from the animation of the experimentally measured mode at 16054 Hz.

Snapshots of other vibration modes of the same bracket are shown in Figure 10.
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Figure 10. Snapshots of six vibration modes of an AM bracket.

These vibration mode shape visualizations were used to ensure we matched each experimental mode with the
corresponding mode predicated from the FEA simulations.
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3.2 Additive Manufacturing Issues

One challenge that was encountered during these tests is that the sensitivity of ASSURES is so high that even parts that
are supposed to be “identical” often show slightly different spectra, and this can make it difficult to identify the changes
caused by defects. A closer examination revealed that the physical dimensions and weights of these manufactured parts
often were slightly different.

To help understand these inconsistencies, we engaged our AM vendor, Forecast 3D. During our discussions, it became
clear that the variations among the AM parts was not due to the AM printing process, but rather the manual removal of
support structures after the build. This adds extra inaccuracies to the part’s geometry on which the resonance frequencies
depend. Since these support structures were removed manually, there were variations in the amount of material removed.

This can be visualized in Figure 11 and Figure 12. In Figure 11 the bracket is shown in the print volume of the machine,
resting on the print bed. In Figure 12 a “slicer” program has been used to create the geometry of each layer of the final part
and support structures. As an example, the support structure for the base of the part is shown in yellow. Since this material
is not part of final bracket’s geometry it will need to be removed once the part has finished building.

Figure 11. Bracket in the build volume of the SLM Figure 12. Structure (in yellow) printed to
280 AM Printer support the bracket as it is being built.

To ensure higher consistency in the AM parts, we agreed to the following design goals for our next batch:
1. Design the next bracket that still serves the research needs but requires as few support structures as possible.
2. Make sure that each simple bracket is built in the same orientation on the test platform.

3. Utilize consistent, post-manufacture machining to remove support structures to ensure high tolerances and
consistency of the parts.
The new part is shown in Figure . It has been turned on its thin side to minimize the amount of support structure (shown
in Figure in yellow) that will need to be removed.
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Figure 13. New design for the bracket. Figure 14. Structure (in yellow) printed to
support the bracket.

4. CONCLUSIONS

Our work has shown that defects in metal parts built with selective laser melting (SLM) additive manufacturing techniques
can be detected using Resonance Evaluation Spectroscopy. This detection requires consistent and precise manufacturing
specifications and tolerances to be met by the manufacturer. Otherwise the post-manufacturing detection of defects
becomes much more difficult since, without such specification, significant mechanical variations can exist in parts, even
in the absence of defects. To establish the importance of this observation, our next batch of AM parts are brackets with
simpler geometry and much tighter dimensional tolerances and post-additive-manufacturing machining instructions.
Preliminary ASSURES inspection on these parts shows that those without defects exhibit identical ASSURES signatures
and those with defects are easily identified with ASSURES inspection.

5. FUTURE WORK

We will be developing user friendly methods to automate the inspection process by incorporating signature acquisition,
analysis, and decision-making algorithms.
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