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Abstract

This work aims to establish a quality assurance methodology for additively
manufactured (AM) samples, produced from laser powder bed fusion (LPBF)
method. The method incorporates resonance frequency method (RFM), where
reference samples from wrought 316 L will be used to establish a data-base with
a set of reference frequencies. The data-base is enhanced further with simulated
frequencies, via FEM method, which was carried out on samples with the same
dimensions and material properties as those of the reference. The quality of
LPBF samples were benchmarked against this database. Four sets of LPBF sam-
ples (termed as A, B, C, and D) were printed with different parameters, and their
densities were measured to understand deviations from the reference database.
It was observed that Set-C had the least drop in density of approx. 0.65% when
compared to the wrought samples. Microscopic analysis revealed that the melt
pools were clearly visible in all the samples, with no significant effect from dif-
ferent print parameters. Subsequently RFM was performed on all the sets and
clear shifts in frequencies observed. Set-C had the least deviation when com-
pared to the reference (averaged at 200 Hz), whereas it was 250, 300, and 400 Hz
for Set-D, Set-A and Set-B respectively. There are several reasons for the fre-
quency shift, the presence of porosity being one of them. Set-B had the highest
concentration of porosity in the -YZ plane. An algorithm was developed to sort
the samples based on the frequency shifts seen from those of the samples from
wrought 316 L. The sorting methodology was based on the shift frequencies, and
the farther the sift is from the wrought the worst it get in terms of quality. The
algorithm, which is programmed based on this methodology, was tested on a
new set of LPBF samples and its effectiveness validated.
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1 | INTRODUCTION

Additive Manufacturing (AM) has gained increased prominence in several industrial sectors due to its ability to enhance
functionality, productivity, and competitiveness. This potential enables the production of complex geometries that were
previously challenging using conventional methods. Also known as three-dimensional (3D) printing, AM involves the
layer-by-layer printing of materials from a 3D CAD model to create parts, distinguishing it from subtractive manufacturing
approaches. Its applications extend across various industries, including aviation, automotive, healthcare, marine, oil and
gas, and power generation.!™

Laser Powder Bed Fusion (LPBF) also known as Selective Laser Melting (SLM) stands as a crucial method in metal
additive manufacturing. This technique employs a high-energy laser beam to fully melt the metal powder, followed by a
cooling and solidification process, resulting in the production of intricately detailed, densely formed metal components
with high precision.> The ultimate outcome of products produced through LPBF relies on the careful choice of process
parameters, including laser power, scanning speed, layer thickness, beam diameter, print strategy and Hatch distance,
and so forth.® E. Liverani’ investigated microstructure, defect formation and mechanical properties of AISI 316 L com-
ponents by varying laser power from 100 to 150 W, hatch space from 0.05 to 0.07 mm and orientation from 45° to 90° and
found that the laser power has the strongest influence on density, with highest relative density obtained at the highest
investigated power level (150 W), while hatch spacing and building orientation do not induce significant effects over the
tested range. Laser-related parameters involve laser power, spot size, wavelength, and the type of laser used. Scan-related
aspects encompass scan speed, scan strategy, and hatch spacing. Powder-related considerations include layer thickness,
size, bed density, material properties, and morphology. Temperature-related factors consist of powder feeder temperature,
temperature uniformity, and powder bed temperature.-1° It primarily impacts porosity, residual stress, fatigue, surface
roughness, density, mechanical characteristics, and product microstructure.

Austenitic steel is a pivotal structural material known for its superior mechanical properties and resistance to pitting
corrosion as well as its weldability. This low carbon-chromium-nickel-molybdenum alloy, which is used in nuclear power
and aviation, outperforms conventional nickel-chromium stainless steels. Higher creep resistance, excellent formability,
and reliable rupture and tensile strength at elevated temperatures are among its key characteristics. These features con-
firm its widespread use in a variety of engineering applications.®!! It has also been adopted in the LPBF technique due
its excellent weldability and is used in high value-added scenarios such as medical and dental applications, heat exchang-
ers and so forth.!> Gorsse et al.!* discovered that dense LPBF 316 L showed twice the yield strength of wrought 316 L
while retaining adequate ductility. This is related to the cellular sub-structures found in LPBF 316 L, which have extraor-
dinarily high dislocation density. The high density of dislocations is caused by fast solidification during LPBF.!# The final
quality of products additively manufactured from 316 L. depends on various parameters such print related parameters,
microstructural features, mechanical properties and so forth!? and hence should be taken care off.

As AM techniques lend itself to manufacture complex shaped parts, respecting quality standards are vital and dif-
ficult when dealing with complex geometries. This is true when dealing with geometries, which include elements that
are inaccessible and cannot be verified by traditional metrology methods. Deep faults arising from uneven solidification
and other process related parameters pose significant challenge in terms of quality, this along with complicated shapes
make Non-Destructive Testing (NDT) an excellent tool to raise the caliber of AM products.’> NDT encompasses a set of
techniques designed to identify both external (surface) and internal flaws within a structure. It has been in use for ascer-
taining the performance and quality of products and has been used widely in the industry and academia. Over the years,
different methods have been developed!® to understand the presence of defects in materials. A few of the methods are
visual inspection, dye penetrant method, magnetic powder method, eddy current method, thermography, acoustics and
so forth. Despite the numerous advantages, non-destructive testing methods also face limitations, such as the economic
factor associated with acquiring testing equipment.'’

The resonant frequency method has been in use for several years and is based on the resonant response of materials
and the components made of those materials. The test object is actively mechanically excited (either by impact or sweep
excitation) in order to excite the resonance frequencies. The vibration response is then recorded (either by contact sensor
or microphone). By using an appropriate algorithm, which will separate good and bad samples based on sound character-
istics in addition to carrying out the filtering and transformation operations previously discussed.!® Therefore, owing to
its versatility RFM as a quick NDT screening method for LPBF samples is worked upon in this paper. Carrying out com-
parisons with a reference sample frequency has been a vital technique used to understand the state-of-the-art on RFM
technology to classify flawed samples, where a divergence from the reference sample frequency seen on another sample is
interpreted as a defect on the component being examined, a broad review on this can be found inReference 19. Therefore,
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in our study we intend to precision mill a set of reference samples from wrought 316 L steel. The resonant frequencies
of these samples would be recorded and used as a reference to check deviations of AM samples and class them based
on quality.

Resonant frequencies obtained by FEM was used by Lee et al.?® and Kam et al.?! to point out the defect position
and the extend of it in a one-dimensional beam model. In the studies by References 22,23 used the modal analy-
sis to evaluate the properties and integrity of metal additive manufactured parts and to detect defects in metal parts
produced by SLM by fingerprinting method. In another study it was found that, the simulated and experimental fre-
quencies coincided when an attempt was made to determine the viability of RFM identifying cracks in silicon wafers.
But significant deviations were observed when broken wafer were considered, and this was explained due to interac-
tion between the cracks.?*?> Therefore, based on this inference, the current study would try to re-evaluate if there is
a congruence between the frequency of reference sample, and this information would be eventually used to build the
algorithm which can classify SLM samples for their quality. This is to ensure that, the frequencies obtained via RFM has
congruence with simulated frequencies, which in turn shall happen only if the correct material properties are used to
simulate them.

The paper forms a part of a broad project funded by the Federal Ministry for Economic Affairs and Climate Protec-
tion (Germany) for developing innovative programmes/solutions for small and medium-sized enterprises. The end goal
of the project is to develop a tool incorporating acoustic means to qualify LPBF samples, where the equipment is embed-
ded with an algorithm, which enables sorting. Such equipment’s should be cost effective and efficient to inform the user
on the state of the quality of part printed via LPBF method. Though initially the equipment shall be constricted to sim-
ple geometries, the algorithm embedded in the system hardware can be easily modified to learn from data being fed into.
This means machine learning techniques (supervised or un-supervised techniques) can be used and hence its robustness
can be improved. The methodology adopted to sort the samples (also used by the algorithm) is based on a comparison
with a reference that is not printed but precision milled from wrought 316 L material. To obtain repeatability 10 reference
samples where milled and their resonance frequencies obtained, this was cross-checked with simulated results. A devia-
tion from these resonance frequencies seen on LPBF samples having the same dimensions as the reference can only infer
structural quality issues arising from the print parameters adopted to print such samples. Such a methodology to classify
LPBF samples hasn’t been used to the knowledge of the authors.

2 | METHODS
2.1 | Sample preparation from LPBF method

In this paper, four sets each with different parameters of LPBF samples were manufactured from 316 L steel powder.
The chemical composition of 316 L is depicted in Table 1. A Renishaw AM 250 system was used to print LPBF samples
perpendicular to the base plate, on which samples are printed. The Renishaw AM250 (Figure 1) is a 3D printer devel-
oped by Renishaw plc (Wotton-under-Edge, England, UK). It has a Maximum Laser Power of 200 W and build volume of
250 % 250 X 300 mm.

The chamber in Renishaw was filled with argon during the built time of the samples. Each set with varying parameters
of the samples are assigned a code for the sake of convenience termed as A, B, C, and D. Here, Set A has the standard
parameter and assumed to be the good samples vis-a-vis B, C, and D.

Each of the sample sets were built by a varying set of parameters namely laser power, hatch distance and layer
thickness. These set of parameters were used to calculate the volumetric laser energy density, which defines the sample
characteristics (e.g., flaws) to a larger extend. The equation 1 governing these parameters is elaborated below?5;

LP

E\) = (1)
(HD * LT * SS)
TABLE 1 Chemical composition of LPBF 316 L steel (wt.%).
Cr Ni Mo Mn Si C N Nb P Fe
16.77 11.98 2.27 0.90 0.55 0.015 0.070 0.011 0.009 67.11
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FIGURE 1 A typical Renishaw printer with samples seen on print plate post-print.

TABLE 2 Additive manufacturing process parameters.

Parameters Set-A (Standard) Set-B Set-C Set-D
Laser Power [W] 180 200 180 180
Scan Strategy Stripe Stripe Stripe Stripe
Hatch distance [mm] 0.08 0.08 0.1 0.08
Layer thickness [pm] 40 40 40 60
Scanning speed [mm/sec] 722 722 722 722
Volumetric laser energy density [J/mm?3] 77.90 86.56 62.32 51.93

where, LP is the Laser power [W], HD is the Hatch Distance [mm], LT is the Layer Thickness [um] and SS is the scan
speed [mm/sec] respectively. The parameters presented in Table 2 were chosen based on their critical impact on the
LPBF process and the resultant properties of the 316 L stainless steel components. Laser power settings of 180 and 200 W
were selected to understand the effect of different energy inputs on melt pool dynamics and microstructure, with higher
power potentially increasing part density and mechanical properties. A consistent stripe scan strategy was used to control
thermal gradients and minimize residual stresses. Hatch distances of 0.08 and 0.1 mm were examined for their effect on
overlap between laser passes, with smaller distances potentially increasing density and larger distances reducing build
time but risking increased porosity. Layer thicknesses of 40 and 60 pm were tested to assess their impact on resolution
and build speed, with thinner layers expected to produce finer details at the cost of longer build times. The scanning
speed was kept constant at 722 mm/sec to isolate the effects of other variables, chosen for its suitability in preliminary
experiments. The derived parameter, volumetric laser energy density, ranging from 51.93 to 86.56 J/mm?3, provided a com-
prehensive measure of energy input per unit volume, exploring a spectrum of densities to study their impact on part
quality. These parameter variations are designed to systematically investigate the relationship between processing condi-
tions and the quality of LPBF-manufactured 316 L stainless steel components, with the goal of optimizing parameters for
the best combination of mechanical properties, density, and surface finish.

The steps involved in printing the samples are shown in Figure 2. The entire process can be divided into three stages.
In stage-1, the sample was modeled on CAD software, and later it was sliced for the print file (shown in Figure 2A). In
stage 2, the print was carried out, the chamber was cleaned, and the print plate removed along with the samples on it (see
Figure 2B).

After termination of print, samples were removed from the base plate (stage-3). For RFM, printed samples have to be
machined to guarantee the same geometry, which is necessary for frequency re-producibility. Table 3, shows the dimen-
sions of all the LPBF samples after machining with a tolerance of +0.05mm, this tolerance might affect the shift in
resonant frequency, which is very small therefore, it is neglected for all the samples. For later calculations, the actual
dimension of each sample was used to understand the deviations of frequencies. A set of 10 samples each were considered
in the case of reference, Sets-A, -B, -C, and -D. Therefore, a total of 50 samples, to ensure that there is a credible database
of frequencies for future references.
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FIGURE 2 A typical print methodology, (A) Stage-1 and (B) Stage-2.

TABLE 3 Final dimension of the sample.

wrought Set A Set B Set C Set D
Length, [mm] 50.15 50.15 50.15 50.15 50.15
Breadth, [mm] 50.09 50.05 50.05 50.05 50.05
Thickness, [mm)] 4 4 4 4 4
2.2 | Density measurements

Density measurements were performed via metallographic method and according to the methodology established
in ASTM B962 standard. Metallographic method involved evaluating the sample density for a specific plane in the
micro-section, providing insights into localized variations. In contrast, the latter method offered an integrated density
assessment for the entire sample volume. Further elaborating on this methodology, theoretical density of 316 L stainless
steel is 7.99 g/cm?,?’ utilizing Equation 2:

. Ma

Density = ———— (dw 2

ty = s (dw) ©)
where Ma represents the mass in air, Mw is the mass in water, and dw is the density of water, the density of each sample
was determined. In the metallographic analysis, the samples underwent a series of preparation steps.

2.3 | FEM method for data-base enhancement

The resonant frequencies were ascertained through FEM simulations. Quadratic 3D elements were used for generation
of mesh in the simulated parts, the mesh size was kept constant at 1 mm. Such a mesh size was arrived after conduct-
ing a parametric study of different mesh to precisely capture the resonant frequencies.?® The samples were assumed as
in free state condition in experimental, so no Boundary conditions are given in modal analysis as well. Material prop-
erties highlighted in Table 4 were adopted for wrought 316 L material, and the tests were performed as per ISO 6892, at
Werkstoffpriifung Kunze GmbH (Hagen, Germany).
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TABLE 4 Material properties of the samples considered.
Density [Kg/m?] E-modulus [GPa] Poisson’s ratio Rp0.2 [MPa] Rm [MPa]
7990 190 0.27 315 584

Property

4] Material Field Variables
3 pensity
@ T Isotropic Secant Coefficent of Thermal Expansion

B 1A Isotopic Hastiity
Define engineering
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R
; enng Data Geometr
definition N

v
3 6eomet1v v
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v
v
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7| @ Resuts
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FIGURE 3 FEM modeling route on Ansys Workbench.

Initially, the samples were designed on CAD software and imported as STEP files into the geometry section of the
modal analysis module of an FEM software, the individual sample dimensions where used. The material parameters
elaborated in Table 4 where input in the engineering section of the module. The simulation route adopted is shown in
Figure 3.

The FEM study serves two purposes in this study, first it helps in having a credible dataset of frequencies for
the algorithm to be trained. Second, it assists in identifying frequencies associated with irrelevant modes, which are
not necessary in this study. A parametric study would be carried out with varying E-modulus values and a fixed
geometry. Thus, it enables to identify the correct frequencies, which are in proximity as those seen while conducting
experiments.?

2.4 | Resonant frequency measurement

To find the resonant frequencies, a variety of devices can be constructed; these are detailed in ISO EN 843.3° While the
resonant frequencies can be found, this standard is meant to determine the E-modulus of materials. This approach has a
simple methodology: samples with similar geometry and material composition will have similar frequency spectra, and
slight change in the sample’s geometry or material composition will result in a change in the spectra. Peak frequency
shifts can be used to observe this, and a statistical analysis on multiple samples can assist in accurately validating this
shift. As a result, this technique is helpful for tracking structural alterations in any component. The number of samples
affects this method’s validity; the more samples used, the better the outcomes.3!-3*

The setup for the experimental process is depicted in the figure below (Figure 4). The microphone is positioned along
the middle axis, sometimes known as the anti-node, and the test piece (wrought 316 L) is suspended on threads around the
periphery, slightly away from the vibration nodes. As the sample to be placed on fine plastic threads, hence the samples
doesn’t contain any Boundary conditions and can be assumed as free state condition. A different method was created
to execute the Fast Fourier Transform in order to estimate the dominant frequency from the generated sound signal,
which results in the generation of a power spectrum. The detected sound is transduced to an electric signal, which is
then amplified. Based on a predetermined frequency range that it computes on its own using the sample dimensions and
mechanical qualities referenced from literature (a database containing all Youngs modulus values), the algorithm is able
to identify the necessary resonant frequencies from the spectrum. The next sections will provide a detailed explanation
of the algorithm.
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FIGURE 4 Resonant frequency method (RFM) test equipment.

3 | RESULTS AND DISCUSSIONS
3.1 | Density measurements and micrography

The density of Wrought 316 L stainless steel and samples printed with different parameters with LPBF in different sets,
labeled A, B, C, and D as shown in Table 5. In terms of density, wrought 316 L has the highest value at 7990 Kg/m"3, while
LPBF Set-B exhibits the lowest density at 7913 Kg/m"3. This comparison reveals variations in density introduced by the
LPBF process, with each set showing nuanced differences in material properties. The changes observed underscore the
impact of manufacturing methods on the mechanical characteristics of 316 L stainless steel.

Figure 5 shows the optical micrographs of four sets considered for this study, along with their planar views in each
case. All the micro-graphs were obtained at 100 pm resolution. The melt pools are clearly visible in all the four sets
in -ZX and -YZ plane. The parameter change didn’t have an influence on the width of a single melt pool which was
approximately 100 pm. Whereas the effect on scan track can be seen in set-c, where (in -XY plane) the average width
of the scan track is higher than other sets. The layers are apparent in the micrographs along the build direction, which
depict a structure resembling layer. Figure 5E illustrates how these microstructures differ from a conventional austenitic
structure. As is common with rolled and annealed austenitic sheets, the grain structure is equiaxed and contains twins
in this instance. Stem crystals are produced by epitaxial crystal formation and grow polyhedrically outside of the lay-
ered structure. There, the elongated grains in the LPBF samples favor directional material features, which in turn favor
anisotropy.’

3.2 | Comparison of frequencies from FEM and experiments for wrought samples

Based on the methodology elaborated in Section 2.3, the modal shapes along with the frequencies are elaborated in
Figure 6. There are 10 modal frequencies shown in the figure below, the maximum at 35 kHz, and all the mode shapes
are dominated by a mix of various flexure. The modes area combination of mode-1, mode-2, mode-3 and so forth accord-
ing to an ascending order seen usually in geometrically mean part.'® The modal frequencies vary in a mode-specific way
as a function of mechanical part structures. The modes seen below was obtained after performing a parametric study,
wherein the frequency shift was ascertained by keeping the geometry fixed (the dimensions are same as the one used
in experiments), while E-modulus is varied between a range of 180-200 GPa. It was observed that at 193 GPa, the fre-
quency difference between the experiments and simulations narrowed down. From Table 4, the wrought 316 L material
was seen to have an E-modulus of 190 GPa. This information helps in identifying the correct frequency from the exper-
iments and canceling out others seen in the spectrum. The parametric study enables in identifying mode-1 frequency
(7294 Hz) within the spectrum (which will be detailed in next sections), thus enabling one to identify the frequencies
that one intends to identify in a spectrum while performing resonant frequency tests. It should be stated here that, since
10 reference samples were used to make the database of frequencies, simulated frequencies for each of those 10 samples
(dimensions same as those in experiments) where obtained and was cross-checked to avoid any un-certainties.
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TABLE 5 Evolution of density and E-modulus.

Wrought 316 L 7990
LPBF Set-A 7920
Set-B 7913
Set-C 7938
Set-D 7923
(A)
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FIGURE 5 Microscopic images of LPBF Samples Set A, Set B, Set C, and Set D along with wrought samples.
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FEM calculated reference sample frequencies.
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3.3 | Experimental signal acquisition, a routine for time-to-frequency domain
conversion, and a methodology to classify samples based on quality

A typical time domain signal analysis is not ideal here because of its transient nature and hence is difficult to interpret the
change and its cause. Therefore, we implement a frequency domain analysis in this paper, which requires a sub-algorithm,
and such an algorithm would perform a time-to-frequency domain conversion. The time-to-frequency domain conversion
can be performed via FFT (Fast Fourier Transforms), and here the sampling factor is an important factor. The sampling
factor in the case of this paper was 200 kHz. The details of FFT can be found elsewhere and is beyond the scope of this
paper. But the algorithm to realize the same shall be explained here and is shown pictorially in Figure 7. This algorithm
shall be incorporated into the final sorting algorithm to classify samples.

First, the time signal is read, following which algorithm converts the same into frequency domain. There are several
packages available within python, a few examples being NumPy, SciPy?’ and so forth. The steps are elaborated in flow
chart in Figure 7, the time domain signal from 10 reference samples were fed into the algorithm. The frequencies where
ascertained, and as seen in Figure 7, they remained between 7280 and 7320 Hz, the variation of the frequencies is related
to the individual sample dimensions. This variation of approx. A total of 10 Hz was observed for a dimensional tolerance
of +0.05 mm for all the reference sample studied in this paper. Thus, the frequency range of 7280-7320 Hz shall be fixed
as an ideal range for reference, that is, a good sample shall have a frequency close to this range, provided the geometry
remains within given tolerances. When cross-checked with the frequency for mode-1 in Figure 6, it remained within
the range found here. The further the frequency moves away from this range toward left of the spectrum, the worst the
samples are in terms of quality, with the condition that the geometry remains fixed.

Thus, based on this methodology, the Figure 8 was generated, where there are four spectrums from top to bottom. As
the spectrum shifts from top to bottom, a given set of frequency range moves from left to right. In each of the spectrum,
the peaks belong to a single sample from the respective lot, that is, for the spectrum at the top, each of the peaks belongs
to each of the sample from set-B (10 Hz difference due to +0.05 dimensional tolerances). Therefore, set-B was seen to be
the farthest from Reference (Ref in picture), whereas set-C was seen to be closest. Based on the methodology established
to classify good sample in this paper, the closer the frequency is to the reference the better the samples are, and the
farthest it goes, the worst they are in terms of quality. It was stated in Section 2.1 that Set-A was printed with a set of
parameters assumed to be ideal and hence Set-A was seen to be better when compared to -B, -C and -D. But when observed
in Figure 8, Set-C was closest to the reference and hence stands to be better than other sets. Moving it closer to reference
shall be an ideal scenario, but it is difficult, since the maximum density achieved in the best sample set hasn’t exceeded

Time-to-Frequency domain
conversion

FFT of time domain
signal using the fft()
function

Input file-Time ‘ Output ﬁle-Fu:equency
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Signal in time domain

30000
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value of FFT to 10 4m 7320 Hz
o obtain Power 7280 Hzmp,

Signal o Spectral Density » Amplitude
—10000 (PSD) 04
i
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FIGURE 7 A sub-algorithm to convert a time-domain signal to a frequency-domain.

35101 SUOWILIOD) SAIER.D) 3] dde a3 Ag pauLBA0B a2 SSPILE YO '8N 0 S3INI 10} ARIGIT SUIIUO 481 UO (SUONIPLOD-PL-SWLBILI0D /B 1M ARG [BU1[UO//SA1L) SUONIPUOD PU. SWie L au) 385 * [1202/80/62] U0 ARIq1TaUIIUO AB1IM ‘3L Aq 96621 ZBUS/Z00T OT/I0P/LI0Y A3 | 1M AReIq1joU1lUO//:SdNY LU0} POPEOIUMOQ ‘0 ‘96T8LLSZ



ALAPARTHI ET AL. : : - 11 of 17
Engineering Reports S WILEY

BAD 14 SET-B Ref
(SET-B) Difference between
average frequency of
= Ref and SET-B is highest
y 400 Hz

7100 7200 7300
Frequency (Hz)

Amplitude
°
®

o
o

6800 6900 7000

SET-A

Ref
Difference between
average frequency of
SET-A and Ref narrows
AA%L down to 300 Hz

6800 6900 7000 7100 7200 7300
Frequency (Hz)

2.0

-
n

Amplitude
-
=3

o
o

1.75 Ref
SET-D )

Difference between
average frequency of
g ' SET-D and Ref narrows
Zors

down to 250 Hz

0.25

0.060800 6900 7000 7100 7200 7300

- Frequency (Hz)
1.4 SET-C Ref

Difference between
average frequency of
SET-C and Ref narrows
down to 200 Hz

e
@

Amplitude
o
o

=
=

(SET-C)
GOOD - 0.0

6800 6900 7000 7100 7200 7300
Frequency (Hz)

o
N

FIGURE 8 Frequency shifts seen on LPBF sample compared to the reference (Ref).

99.96% when compared to reference 35. In present study all samples were tested in as-built condition, set-C was seen to
be 99.34% dense, which was higher when, compared set-B, which stood at 99.03%. Since all the samples were tested in
as-built conditions, surface coarseness shall be an important aspect that might affect the frequency shifts. But surface
treatments requires giving additional tolerances to the samples so that can be grinded or milled to the required precision.
But this was avoided in this study since, surface treatments can introduce other distortions into the surface grain structure
and the resulting frequency shifts could be attributed to these in addition to the density variation. Therefore, to minimize
various un-certainties that affects frequency, samples where printed and cut to precise dimensions while the surface was
untreated but having uniform thickness all over.

To further verify the methodology, a microscopic inspection of each sample from set -A, -B, -C, and -D was carried out
(Figure 9). The porosity in different planes of each sample has been analyzed and evaluated. Microscopic investigation
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FIGURE 9 Porosity evaluation of LPBF sample under optical microscope (resolution 200 pm). Al, B1, C1, and D1 refers to sample no.
1 from the respective sample sets.

revealed a planar dependency for irregularities in printed samples. As an example, Figure 9 shows the planar dependency
for porosity for different samples out of each set. Sample C1 from set-C was seen to have least porosity in planes -XY and
-ZX, whereas some amount was in -YZ plane. B1 from sample set-B was seen to have a large concentration of porosity
in its -YZ plane, followed by D1 and A1l. To further quantify the observations, the porosity was calculated in terms of
percentage in each plane and is depicted in Table 6.

Table 6 shows the maximum, minimum, and average porosity values for each of the three samples (-A, -B, -C, and -D)
in the corresponding planes. Consistent with the findings in the preceding paragraph, samples from set-C exhibited the
least porosity. A closer look at the table shows that all the sample had a high concentration of porosity in the -YZ plane.
However, samples from set-C showed the least amount of variation within this plane. Unlike -YZ plane, -XY had the least
concentration of porosity and here, samples from set-C had the least concentration. When this result is compared with
density, set-C was the densest of all the sets considered, while set-B the least dense. Set-B being least dense is obvious as the
sample sets from this group had the highest concentration of porosity in all the planes observed. When these observations
are compared with Figure 8, where set-B was the farthest from reference while set-C the closest reveals the advantage of
adopting such a methodology to qualify LPBF samples.

3.4 | An algorithmic approach to qualify samples based on print parameters

The algorithmic approach involves setting a minimum frequency difference between the average of reference samples so
as to classify or assign them a class based on their quality. The definition of such classes of samples based on the difference
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TABLE 6 Porosity in [%] in each plane of samples from Sets-A, -B, -C, and -D.

Porosity %
Plane-XY Plane-ZX Plane-YZ
Sample Max Min Mean Max Min Mean Max Min Mean
Set- A 1 0.09 0.08 0.08 0.14 0.10 0.12 0.41 0.36 0.39
2 0.09 0.06 0.07 0.15 0.11 0.13 0.38 0.32 0.35
3 0.09 0.07 0.08 0.15 0.10 0.13 0.45 0.39 0.42
Set- B 1 0.08 0.06 0.07 0.13 0.12 0.13 0.70 0.50 0.6
2 0.07 0.05 0.06 0.15 0.11 0.13 0.65 0.53 0.59
3 0.09 0.07 0.08 0.15 0.09 0.12 0.75 0.49 0.62
Set- C 1 0.05 0.03 0.04 0.08 0.06 0.07 0.31 0.22 0.27
2 0.07 0.03 0.05 0.07 0.05 0.06 0.34 0.27 0.31
3 0.06 0.02 0.04 0.09 0.07 0.08 0.35 0.29 0.32
Set- D 1 0.1 0.08 0.09 0.14 0.10 0.12 0.35 0.31 0.33
2 0.09 0.06 0.07 0.15 0.11 0.13 0.36 0.32 0.34
3 0.09 0.07 0.08 0.15 0.10 0.13 0.38 0.32 0.35

TABLE 7 Frequency range for quality classification.

Class Difference between reference [Hz]
1-Best <200

2-Good >200 and <300

3-Average >300 and <400

4-Worst >400

in frequencies with reference is shown in Table 7. From Section 3.3 and Figure 9, the average frequency is 7300 Hz.
Therefore, four classes of samples are defined, where Class-1 is the best, and in descending order of quality, Class-2 is
good, Class-3 is average, and Class-4 is the worst. Based on such division, the algorithm is designed in such a way, that
detected frequency above 7300 Hz (for constant sample dimensions) will be defined as the new reference frequency in
the database and hence re-calculate the new frequency range for all the classes.

The algorithm based on the ranges elaborated previously is implemented and can be seen in Figure 10. Were the four
classes of classification of samples are implemented along with an added ability of the algorithm to enlarge the database
on which it relies to have a reference to all frequencies from the reference samples. Lastly, to validate the ability of the
algorithm to detect, four additional samples were printed to check the frequency and classify them for its quality. The
sample for the sake of convenience are termed as S1, S2, S3, and S4. S1 and S2 were printed based on parameters used
to print Set-C, whereas S3 and S4 were printed with a laser power of 170 W and the rest of the parameters same as that
of Set-C. Samples were precision milled to the dimensions used in this study and subsequently subjected to resonant
frequency test to obtain the time-domain signals.

After subjecting S1, S2, S3, and S4, to the algorithm, it was classed into the first three classes of “Best,” “Good,” and
“Average” (Table 8). Practically, S1 and S2 should have been classed into the “Best” category, but S2 was seen to be put
in category “Good”. One reason could be that of internal porosity due to lack of fusion or pores with un-melted powder
in it, since the dimensions were cross-checked with that of set-C. The tolerance was of the order +0.03 mm and hence
doesn’t warrant a drastic change in frequency seen between S1 and S2. A similar explanation holds true for S3 and S4.
But it can be stated that the parameters used for set-C was found to be good in terms of reduced porosity and hence, the
algorithm hasn’t erroneously classed S1, S2 into other categories. In such a manner, the algorithm can be trained for a
variety of geometries, by creating a database, which the algorithm can refer to and write into to be intelligent enough to
class samples based on their frequencies. None of the sample could be classed in bad.
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TABLE 8 Sample classification based on outcome from algorithm.
Class

Sample No. 1 2 3 4
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S3 6921
4 L

4 | CONCLUSION

The paper attempts to sort flawed LPBF samples printed from 316 L steel powder by comparing its natural frequency to
wrought 316 L steel and hence a reference of a natural frequencies is generated. Initially, wrought 316 L samples where
precision milled from its plate to a set dimension. It was subjected to RFM to ascertain its natural frequencies. Later, sim-
ulations were performed to obtain the natural frequencies, where the material properties were obtained through samples
cut from the same plate from samples for RFM were milled. The geometry of the samples for simulations were the same
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as those subjected to RFM, and the resulting simulated frequencies coincided. Thus, the reference based on which the
quality of LPBF samples is established. Four set of LPBF samples were printed with different parameters and samples
were milled to the same dimensions as that of the reference samples. All of them were subjected to RFM and through
a sub-algorithm of the main sorting algorithm, the natural frequencies were recorded and compared with that of refer-
ence. The closer the frequencies are to the reference the better they are based on their density. Thus, Set-C samples were
found to be close to the reference and to confirm their quality with respect to other sets, microscopic investigations were
performed. It was observed that set-B had the highest porosity in all planes, whereas set-C had the least, this was con-
firmed with the density of the sample. Set-B was less dense among all the sets, while set-C had the highest. Based on
this inference, an algorithm to sort LPBF sample was implemented, and the fundamental sorting criteria was fixed on
the frequency difference between the LPBF samples and the reference. Any frequency difference between LPBF and the
reference less than 200 Hz was classed as best and the difference if exceed 400 Hz was classed as worst. The algorithm
was checked for its efficacy on four new samples printed for this purpose and it was found to sort them satisfactorily.
The algorithm can be made more versatile by making it to learn more data on samples with different sizes and hence an
effective algorithm for quality assessment can be realized. Such a routine can finally be implemented on a hardware that
can effectively help in quality assurance and help to establish AM as an effective and efficient alternative to conventional
manufacturing processes.
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