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Abstract — In-situ monitoring of metal additive manufacturing (AM) processes is a key issue to determine the
quality and stability of the process during the layer-wise production of the part. The quantities that can be
measured via in-situ sensing can be referred to as “process signatures”, and can represent the source of
information to detect possible defects. Most of the literature on in-situ monitoring of Laser Powder Bed
Fusion (LPBF) processes focuses on the melt-pool, laser track and layer image as source of information to
detect the onset of possible defects. Up to our knowledge, this paper represents a first attempt to investigate
the suitability of including spatter-related information to characterize the LPBF process quality. High-speed
image acquisition, coupled with image segmentation and feature extraction, is used to estimate different
statistical descriptors of the spattering behaviour along the laser scan path. A logistic regression model is
developed to determine the ability of spatter-related descriptors to classify different energy density
conditions corresponding to different quality states. The results show that by including spatters as process
signature driver, a significant increase of the capability to detect under-melting and over-melting conditions
is observed. This is why future research on spatter signature analysis and modelling is highly encouraged to
improve the effectiveness of in-situ monitoring tools.
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1. INTRODUCTION

Despite of rapid and continuous technological improvements, many metal Additive Manufacturing (AM)
applications in relevant sectors, e.g. medical and aerospace, impose challenging quality and certification
requirements that are still difficult to fulfil at the current maturity level. Indeed, different authors pointed
out that limited process robustness, stability and repeatability represent a major barrier for the industrial
breakthrough of metal AM systems [1 — 6]. Because of this, the development of in-situ sensing and process
monitoring techniques has attracted the interest of researchers and AM system developers in the last few
years (see Table 1). The challenge consists of quickly detecting the onset of defects by relying on in-situ
gathered data, while the part is being produced. In [1], the measured quantities are referred to as
“observable signatures”, which enclose important information about the stability of the process and the
quality of the additively produced part. This study focuses on Laser Powder Bed Fusion (LPBF) processes, also
known as “Selective Laser Melting” (SLM). In LPBF, the observable signatures can be grouped into the
following four major classes: i) the melt pool, ii) the track along the scan path, iii) the slice (i.e., the slice of

the part scanned by the laser in each layer) and iv) the powder bed (i.e., the thin layer of loose powder



deposited by the recoating system). Table 1 summarizes the literature devoted to in-situ monitoring of LPBF

processes based on these categories of process signatures?.

Table 1 — Summary of the literature on in-situ LPBF process monitoring

Process signature Literature in LPBF

Melt pool (size, shape, temperature) [7118]119][10] [11][22] [13][214][15][26][17][18][19]
Track along the scan path (geometry, temperature) [20] [17][21] [22] [23] [24] [25] [26]

Slice (surface pattern, geometry, thickness, [27]1128][29] [30] [31] [32] [33] [25] [22]

temperature)

Powder bed (homogeneity) [31] [32] [34] [35]

The melt pool is formed during the laser irradiation of the powder and then solidifies to the consolidated
structure. Its stability, size and behaviour determine to a great extent the quality and stability of the process
[36]. Additional information can be gathered at track level, including the geometry and the temperature
profile of each track along the scan path, which are relevant to detect balling phenomena [37], lack-of-fusion
and local over-heating. By expanding the region of interest, it is possible to characterize the entire slice in
terms of surface patterns, geometry, thickness and temperature profiles. This allows determining not only
the accuracy of the each slice compared with the CAD model, but also the existence of internal defects [31,
22]. Eventually, the powder bed homogeneity represents a further signature of the LPBF process that
influences the laser beam-material interaction and the occurrence of local defects [31 — 32]. Although most
of the studies mentioned in Table 1 focused on one category of signatures at a time, multi-sensor data fusion
techniques could be used, in principle, to achieve a more complete process characterization by combining
information coming from different sources. In this framework, co-axial sensing can be used to monitor the
melt pool stability over time, whereas off-axial sensing can be used to monitor additional quantities that can
not be measured by exploiting the optical path of the laser. This motivates the analysis of novel process
signatures to enhance the comprehension of LPBF phenomena and the quick detection of defects. In
particular, this study investigates the suitability of material ejections produced by the beam-material
interaction as observable signatures. Previous studies [23 — 24] showed that track-related information that
can be acquired via in-situ sensing include the amount of ejected material and the overall spattering
behaviour. The spatter generation mechanism was studied by Liu et al. (2015) [38] and Khairallah et al. (2016)
[39], who pointed out the existence of two kinds of spattering phenomena. One is caused by a convective
transport of liquid or vapourized metal out of the melt pool, known as “droplet spatter”. Another one, known
as “powder spatter” is caused by non-melted metallic powder particles blown away as a result of the impact
of the metallic vapour. The physical description of the spatter generation mechanism goes beyond the
purpose of our study, and we refer the interested reader to [38] and [39] for additional details. Our aim

consists of investigating whether spatter-related information can be used as a further driver for process

1 For a more detailed classification and discussion of the literature see [45].



stability analysis and to detect unwanted process conditions, in addition to other measurable quantities
investigated in the literature. Some authors [40] showed that spatters may produce inclusions and
discontinuities in the material, together with irregularities of the powder bed. However, there is a lack of
studies on the measurement and the use of spatter-related information for monitoring purposes in laser-
based additive manufacturing. A more consolidated literature on this topic can be found in laser welding
applications, where various authors [41 — 44] showed that different descriptors of the spattering behaviour
can be used to determine the process quality and stability. Despite various differences between LPBF and
laser welding, those studies provide relevant guidelines for the characterization and the quantification of the

spattering behaviour via in-situ signal analysis.

Following the seminal contribution of Bayle and Doubenskaia (2008) [24] and Lane et al. (2014) [23], this
study aims to evaluate the suitability of spatter-related information acquired in-situ via high-speed machine
vision for the development of in-process monitoring tools. Analogously to the studies of Gao et al. (2013)
[41] and You et al. (2014) [44] in laser welding, a methodology for image segmentation and statistical
descriptor estimation (including spatter area, number, spatial spread, etc.) is proposed. Gao et al. (2013) [41]
used these descriptors to classify portions of the weld seam having out-of-control bead width. In this study,
instead, the analysis is extended to LPBF, in order to determine the effect of process parameters on the
spattering behaviour and to classify different energy density levels that yield out-of-control quality
characteristics. Moreover, a new method to determine the spatial spread of the spatters while the laser beam
moves along the scan path is proposed, and the relevance of spatter-related descriptors is investigated by
means of a logistic regression classification model [46]. A comparative analysis shows that the in-situ
characterization of process spatters enhances the classification between different melting conditions (under-
, hormal and over-melting) with respect to the analysis of the laser heated zone alone. This makes the spatter
behaviour one additional suitable signature of the LPBF process, to be possibly combined with other well-

known quantities, e.g. the melt pool size, shape and temperature, to enhance process monitoring tools.

The remaining of the paper is organized as follows. Section 2 presents a real case study and the in-situ
monitoring setup; Section 3 describes the image processing methodology; Section 4 presents the achieved

results and Section 5 concludes the paper.

2. REAL CASE STUDY

In order to acquire and characterize the spatter-related information during an LPBF process, an experimental
study was carried out, involving the production of specimens with different sets of process parameters. Sub-
section 2.1 introduces the experimental plan, sub-section 2.2 describes the in-situ sensing setup for high-

speed image acquisition and sub-section 2.3 provides a brief characterization of the as-built part properties.



2.1.Experimental plan

The case study involves the production of two builds by varying the process parameters. In each build, nine
specimens where produced via LPBF of 18Ni (300) maraging steel powder (see Appendix B for material
specifications) corresponding to three energy density levels, with three replicates for each level. The energy
density, i.e., the energy per surface (or volume) unit transferred to the material during the laser scanning of
each layer, is a synthetic parameter whose correlation to the part quality was investigated by several authors
[1, 37, 40]. In this study, such synthetic parameter was used to induce both quality and defective parts and

to test the spattering behaviour under different melting conditions.

The two builds differ in terms of layer thickness (respectively z = 40 um and z = 50 um) and spatial

allocation of different energy density levels on the baseplate (see Fig. 1).
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Fig. 1 — Scheme of specimen allocation on the baseplate; U (blue): under-melting, N (green): normal-melting, O
(red): over-melting

Each specimen is a parallelepiped of size 5 X 5 X 12 mm produced by applying a stripe scanning strategy,
with a 67° scan direction rotation every layer. The specimens were placed in the middle of the platforms (Fig.
1), at a sufficient distance from each other to guarantee no thermal interference. The randomized spatial
location of the specimens were selected accordingly to two 3 X 3 Latin square designs, one for each build,

where each energy density level occurs once in each row and column.

The energy density levels were controlled by the volumetric fluency, F, defined as follows:

F

__tP [ J ] (1)
dpdyz cm3
where: t [us] is the laser exposure time, P [W] is the laser power, d;, [um] is the hatch distance, i.e., the

distance between adjacent hatches, d,, [um] is the distance between adjacent points along each hatch, and

z [um] is the layer thickness. The laser spot diameter at the powder layer is 70 um.



The intermediate energy density level, hereafter referred to as “normal melting”, corresponds to the default

set of parameters suggested by the LPBF system (Renishaw AM250) developer. The lower (called “under-

melting”) and upper (called “over-melting”) energy density levels were set by varying the laser exposure time,

with values that depend on the layer thickness. Table 2 summarizes the controlled parameters and the

resulting volumetric fluency. All other process parameters were set at default values and kept fixed for all

the produced specimens.

The parameters shown in Table 2 refer to the scan of internal hatches. The scan of borders and top surfaces,

instead, exploits default parameters that are equal for all the specimens (P = 100 W, t = 50 us, d,, = 20

um).

Table 2 - Process parameters used in different energy density levels

Build Energy density level t d, d;, P z F

[us] [um] [um] W] [um] [J/em?]

Under-melted 42 65 80 200 40 4*10*

1 Normal-melted 83 65 80 200 40 8*10%
Over-melted 125 65 80 200 40 12*10%

Under-melted 52 65 80 200 50 4*10*

2 Normal-melted 104 65 80 200 50 8*10%
Over-melted 156 65 80 200 50 12*10%

2.2.In-situ sensing setup

The in-situ image acquisition equipment consists of a high-speed camera (Olympus I-speed 3 with CMOS

sensor) in the visible range (about 400 to 700 nm) placed outside the protective window? of the building

chamber as shown in Fig. 2.

Side view

Substrate

Build chamber

Fig. 2 — Off-axial mounting of the high-speed camera outside the build chamber

2 The protective windows filters out the laser wavelength of 1070 nm.
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Such a monitoring setup is called “off-axial” in the AM literature [21], because the data acquisition is
performed outside the optical path of the laser, and it is suitable to capture images over a field-of-view that
is larger than the scanned area. The high-speed camera was equipped with a Tamron SP 17-50 mm F/2.8 lens,
and the images were acquired at 1000 frames per second, in order to capture the spattering behaviour with
a sufficient temporal resolution. A higher acquisition speed could improve the characterization of very fast
laser-material interaction dynamics, but this comes at the expense of spatial resolution and real-time
computational feasibility. Therefore, the frame rate should be chosen as a compromise between the
reduction of information loss on the one hand, and the feasibility of analyzing the image stream during the
process with reasonable computational resources and sufficient spatial resolution. After preliminary
experimentations, an acquisition speed of 1000 frames per second turned out to be a reasonable choice. A
chessboard camera calibration was performed to estimate the spatial resolution in the powder bed plane,
which was about 250 um/pixel. However, the calibration is not suitable to determine the actual size of
spatters that move in any direction above that plane. Because of this, only the apparent spatter size can be
measured and expressed in pixel units. The spatter trajectory mainly depends on the inert gas (argon) flow
direction that is parallel to the window of the build chamber, from left to right, and on the laser scan direction
that changes every layer. A study of the effect of the scan direction with respect to the camera on the

apparent size of the spatters is discussed in Section 3.

The total number of layers was 300 in Build 1 (z = 40 um) and 240 in Build 2 (z = 50 um). The data discussed
in this study refer to a subset of them, with a step of about 30 layers between two consecutively monitored
layers. The image acquisition started after the 20" layer in order to avoid the inclusion of transitory
phenomena during the very first few layers, where the process is not yet in regime conditions. In addition,
because of a field of view limitation imposed by the monitoring setup, the analysis of image-based descriptors
presented in the study refer to the upper row of both the builds. This also allows comparing descriptors from
different energy density levels being equal the distance of the slice from the camera. Future studies should

investigate in more depth the spatial location effect on in-situ spatter analysis.
2.3.As-built part characterization

The specimens produced with different energy density levels exhibit different quality properties. Fig. 3 shows
the surface patterns of top layers for all the specimens in the two builds. Fig.3 provides a first evidence about
the effect of the energy density on the regularity of the melting along the tracks. The most severe irregularity
was observed in the presence of over-melting conditions, especially in Build 2 (z = 50 um). The under-
melting state produced some irregularity of smaller severity, with different surface pores of diameter up to

150 um, although few surface pores were observed also under normal melting conditions.



Fig. 3 — Surface patterns (top layer) of LPBF-produced specimens; U: under-melted, N: normal-melted, O: over-
melted

In order to evaluate the final part density, the Archimede’s test was performed and the main results are
shown in Fig. 4. Fig. 4 shows the main effect plot of three factors on the part density: i) the energy density,
ii) the specimen location along the X axis and the iii) specimen location on the Y axis. The only statistically

significant factor is the energy density in both the builds, with goodness-of-fit Rfldj = 99.57% in Build 1 and

Rédj = 89.63% in Build 2. In normal-melting conditions, the largest average density was obtained (larger
than 98.5%), whereas the under-melting condition yielded the lowest density (slightly more than 93% in Build
1). The Tuckey’s multiple comparison test [47] between the energy density levels showed that, in Build 1 (z =
40 um), normal and over-melting levels are not statistically different, which complies with the similar surface
patterns in Fig. 3 (left panel). On the contrary, in Build 2 (z = 50 um), the normal-melting conditions
produces a part density that is statistically different from both the other two melting states. This is probably
due to the fact that, although the volumetric fluency is equal in the two builds, the different exposure times
combined with a different layer thickness influence in a dissimilar way the relative quality characteristics.

Eventually, the non-significant effect of the spatial location along the X and Y axes on the part quality allows

one to neglect any location effect in the following analysis.
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Fig. 4 — Main effect plots for the part density in Build 1 (top panel) and Build 2 (bottom panel); U: under-melted, N:
normal-melted, O: over-melted

3. IMAGE SEGMENTATION METHODOLOGY

Each acquired frame consists of a dark background and different hot (white) spots in foreground. Those hot
spots correspond to the light emitted by the spatters and the laser heated zone (LHZ). The LHZ is the area of
the slice that encloses and extends beyond the melt pool, which emits light captured by the camera sensor
in the visible range. The aim of the proposed image processing methodology consists of describing each hot
spot as a distinct connected component of the image and estimating its relevant descriptors. This
methodology includes the following sequential steps. First, the original grey-scale images are converted into
a binary format by means of a thresholding algorithm and the connected components are identified and
isolated (step 1). The next step consists of classifying every connected component either as a spatter or the
LHZ (step 2). Eventually, different statistical descriptors are estimated for the spatters and LHZs in all the
monitored frames (step 3). It is worth noticing that no classification between droplet and powder spatters is
envisaged. Indeed, the aim of the study consists of capturing the signature of the spattering behaviour as a
whole, and to evaluate how different process conditions affect such a signature. A brief description of each

step is discussed in the following.



Step 1 — Thresholding

Image thresholding is needed to separate the foreground components from the background. In [48] several
existing thresholding methods were divided into the following categories: histogram-based, clustering-
based, entropy-based, attribute-based, spatial and local approaches. A comparison of most of them in
different benchmark applications was discussed in [48] and [49], where the authors pointed out that the
thresholding performances usually depend on the nature and properties of the original image. In this study,
the images exhibit a bimodal histogram, with foreground and background intensities well separated apart.
In such condition, most thresholding methods are known to provide good results. In particular, the Otsu’s
method [49] was chosen in this study, being the most common choice in the presence of bimodal image
histograms. The output of the thresholding operation is a binary image, where every foreground area is

isolated and treated as a distinct connected component.
Step 2 — Classification

After the segmentation, the classification between spatters and LHZs is performed for each acquired image.
To this aim, a method based on two criteria is proposed. The first classification criterion regards the area of
the connected components. The analysis of video frames and the literature in laser welding [41 — 44]
highlights that the LHZ is typically larger than the spatters. Because of this, analogously to the image
processing techniques discussed by other authors [41, 44], it is possible to set a threshold on the area of the
connected components for classification purposes. However, a more reliable approach consists of coupling
an area-based criterion with a position-based one. Indeed, the LHZ is expected to be not only the larger
connected component in the image, but its centroid must be located in the proximity of the area of the layer
that is currently scanned by the laser. Therefore, it is possible to determine a region of interest that should
enclose the LHZ, and classifying as LHZ the largest connected component that is partially or fully included
within that region. In this study, the region of interest correspond to the nominal slice area of the specimens
in each layer. More accurate results can be achieved in future analysis if the actual position of the laser can

be made available and synchronized with the image acquisition.

Fig. 5 shows a superimposition of all the centroids of connected components classified as either spatters
(red) or LHZs (black) extracted from the images streams associated to the normal melting condition in Build

1.



Spatter and LHZ centroids (normal melting, 40 um)
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Fig. 5 — Superimposition of the centroid of every connected component classified as spatter (red) or laser heated
zone (black), under normal melting condition (Build 1)

Notice that the spatter visibility is related to its temperature. When the spatters are hot, the emitted light is
captured by the camera, but as they fly away from the melt pool along their trajectory they cool down until
the emitted light becomes too low to be captured by the camera sensor. Because of this, the observed spatial
spread of the spatters can be related both to the time the particle temperature remains above a visibility

threshold and to the ejection velocity.

Fig. 6 shows the coordinates of LHZ centroids during the LPBF of one layer of a normal melted specimen
(Build 1) along the X and Y directions. Different colours are used to indicate the internal hatches (blue) and
the border hatches (red) covered along the overall scan path. Fig. 6 shows that the classification between
LHZ and spatters allows reconstructing the actual trajectory of the laser beam. The noisy pattern of the
reconstructed trajectory is mainly due to the varying shape of the LHZ from one frame to the following one,
which influences the determination of the LHZ centroid. The capability of reconstructing the actual LHZ

trajectory is a qualitative mean to assess the goodness of the classification algorithm.
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Fig. 6 — Example of LHZ centroid coordinates during the LPBF of one layer (normal-melted specimen); the
coordinates along internal hatches are shown in blue and the coordinates along the slice contour are shown in red



Step 3 — Statistical descriptors

Let U ={Uy,Uy,...,U;} € RIM*N be the three-dimensional array that represents the image stream
acquired during the LPBF of one slice, where J is the total number of acquired frames, and M X N is the size,
in pixels, of each frame. The j-th frame, U; € RM*N, j =1, ...,], is such that the (m, n)-th element of the
matrix represents the intensity of that pixel in the corresponding frame, form =1,...,Mandn =1, ..., N.
After image segmentation and connected component classification, each frame includes N; foreground

components classified as spatters and one component classified as LHZ.

The following statistical descriptors were computed for the spatters: i) the number of spatters in the j-th
frame, N;, ii) the average area of all the spatters in the j-th frame, /Tj = (1/N;) X A; j, where 4; ; is the area
if the i-th spatter in the j-th frame, and iv) the area of the convex hull that encloses all the spatters in the j-
th frame, Acy j. They describe the spattering behaviour in terms of number, size and spatial spread,
respectively. The convex hull is defined as the smallest convex polygon that contains all the connected
components classified as spatters. The farther are the spatters from the LHZ, the larger is the area of the

corresponding convex hull, which is then used as a proxy of the spatter spatial spread.

In addition to the spatter descriptors, the LHZ is described in terms of its area, Az, for j=1,...,J.
Monitoring the LHZ area along the scan path of the laser is representative of monitoring approaches
proposed in the literature by using either co-axial or off-axial sensing setups [1], and hence this additional

descriptor represents a benchmark for the following analysis.

4. DISCUSSION OF RESULTS

This section presents the main results achieved by applying the proposed image analysis methodology to the
case study described in Section 2. Sub-section 4.1 first describes how different energy density levels and
other factors influence the marginal and joint distribution of the selected descriptors. Then, sub-section 4.2
demonstrates the benefits achieved by using the spatter-related information to classify different melting

conditions.

4.1.Spatter behaviour characterization

Fig. 7 and Fig. 8 show the scatterplots of the four statistical descriptors for Build 1 and Build 2, respectively,
where different colours indicate different melting conditions, i.e., under-, normal and over-melting. The main
diagonal of Fig. 7 and 8 shows the histograms of each descriptor and other panels show the pairwise
scatterplots. The data from all the acquired videos are shown, with no distinction between data points
corresponding to internal or border hatches. The histograms show that normal, over- and under-melting
conditions produce not only a modification of the means of single descriptors, but also a modification of their

variance and overall probability distribution (e.g., see the number of spatters and the convex hull area in Fig.



8). The scatterplots represent the correlation between different descriptors. They show that, despite a partial
overlap, different conditions yield a different spread of the descriptors in the bivariate sub-spaces. This allows

identifying different patterns of the spattering behaviour to classify the current melting state.
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Fig. 7 — Scatterplot of spatter and LHZ descriptors (Build 1); blue crosses: under-melted, green squares: normal-
melted, red circles: over-melted
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Generally speaking, the over-melting state yields the largest dispersion of all the descriptors with the only
exceptions of the average spatter area, /T]-. Fig. 9 shows a comparison of the pattern of spatter spatial spread
under different melting conditions in the two builds included in our experimentation. Fig. 9 shows the larger

spread achieved in the presence of the over-melting state.

Spatter and LHZ centroids Spatter and LHZ centroids Spatter and LHZ centroids
(under melted, 40 um) (normal melted, 40 um) (over melted, 40 um)
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Fig. 9 — Superimposition of the centroid of every connected component classified as spatter (red) or laser heated
zone (black), under different melting conditions (top panels: Build 1, bottom panels: Build 2)

Table 3 — p-values of the Pearson’s correlation test between pairs of statistical descriptors
Build 1 (z = 40 um)

Under-melted 0.000 Under-melted 0.005 Under-melted 0.022
Az Normal melted 0.000 Normal melted 0.824 Normal melted 0.000
Over-melted 0.000 Over-melted 0.000 Over-melted 0.000
Under-melted 0.000 Under-melted 0.000
N Normal melted 0.000 Normal melted 0.000
Over-melted 0.000 Over-melted 0.000
Under-melted 0.000
A Normal melted 0.000
Over-melted 0.000

Build 2 (z = 50 um)
Under-melted 0.000 Under-melted 0.4110 Under-melted 0.001
Arnz Normal melted 0.000 Normal melted 0.173 Normal melted 0.000
Over-melted 0.000 Over-melted 0.000 Over-melted 0.000
Under-melted 0.594 Under-melted 0.000
N Normal melted 0.001 Normal melted 0.000
Over-melted 0.000 Over-melted 0.000
Under-melted 0.000
A Normal melted 0.066
Over-melted 0.001




The correlation between each pair of descriptors is quantified in Table 3, which summarizes the Pearson’
correlation test p-values for each energy density condition. Table 3 shows that the most significant
correlation exists between the following pairs of descriptors: (A;yz, N), (Aryz, Acy) and (Acy, N). Indeed,
an increase of the energy density yields an increase of both the sample mean and variance of the number of
spatters, their spatial spread (convex hull area) and the area of the LHZ. The average spatter area, 4, exhibits

a different behaviour, although it is significantly correlated to N and Ay in Build 1.
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Fig. 10 — 95% Cls of mean spatter and LHZ descriptor values as a function of the scan phase and the energy density
(Build 1)

The effect of both the scan phase and the energy density on each single descriptor is better highlighted in

Fig. 10, where the 95% confidence intervals (Cls) for the mean descriptors are shown3, and in Table 4, where

3 Due to the significant correlation between the sample mean and sample standard deviation of the descriptors, the
major conclusions draw for the mean apply to the standard deviation as well.



the analysis of variance (ANOVA) results are summarized®. For sake of space, Fig. 10 shows the interval plots
only for Build 1, as the major conclusions apply to Build 2 as well. The ANOVA was performed by including
into the model also the scan angle, 9, i.e., the angle between Y axis and the scan direction, which changes
every layer. Indeed, one purpose of the analysis was to determine whether the scan direction may influence
the measurement of spatter descriptors. A reduced model is shown in Table. 4, which includes only the
interaction between the energy density and the scan phase; other interactions were not significant and not
included in the table for sake of clarity.

Table 4 : p-values of F-tests and goodness-of-fit for different spatters and LHZ descriptors; bold fonts are used to
indicate statistically significant terms at family-wise a« = 0.05

Responses
Build Source ALHZ N A_ ACH
RZ,;=88.49% | R:;,=70.93% | RZ,;=88.78% | R:;;=67.30%
Energy density 0,000 0,000 0,000 0,000
Build 1 Scan phase 0,000 0,025 0,011 0,614
(z=40pum) | Scan angle (9) 0,022 0,135 0,582 0,028
Energy density*scan phase 0,000 0,000 0,008 0,000
RZ,j=91.59% | R;,=80.87% | RZ,;=57.04% | Ra;;=71.64%
Energy density 0,000 0,000 0,000 0,000
Build 2 Scan phase 0,000 0,000 0,122 0,000
(z=50pum) | Scan angle (9) 0,022 0,167 0,505 0,060
Energy density*scan phase 0,000 0,000 0,001 0,000

The energy density and its interaction with the scan phase significantly affect all the descriptors in both the
builds. Generally speaking, the interaction between these two factors originates from the fact that the
scanning of the border partially overlaps with the previously scanned internal hatches. Therefore, the laser-
material interaction along the border in influences by the material properties caused by the energy density
level adopted for the bulk part. However, the effect of the scan phase on the spatter descriptors depends on
the layer thickness. Indeed, even if the volumetric fluency is kept fixed, a different exposure time coupled

with a different layer thickness determines the spattering behaviour.

With regard to the scan angle, 9, no significant effect was observed on any of the analysed descriptors. This
is explained by the fact that the spatter trajectory is mainly determined by the inert gas flow, that is
perpendicular to the camera lens axis. This lack of significance allows studying the spattering behaviour in

terms of the proposed descriptors regardless of the layer-wise changing scan direction.

The LHZ area, A; 4, enlarges as the energy density increases. As a matter of fact, the LHZ area is a proxy of

the thermal energy transmitted by the laser to the material, as discussed by other authors [1]. The number

4 This analysis separately applies to single responses; the overall significance of the factors was confirmed by means of
a multivariate ANOVA analysis.



of spatters, N, observed in normal melting conditions is lower than the number in under- and over-melting.
The spatial spread of the spatters measured by Ay is not statistically different in under- and normal melting
conditions, but it is significantly higher in the over-melting state. Eventually, the average spatter area, 4,
exhibits a different behaviour from other spatter descriptors. Its highest value corresponds to the normal-
melting condition. Both the under- and over-melting states yields statistically lower average areas, at least

during the internal hatching phase, with the lowest average areas observed in under-melting conditions.
The main results of this exploratory analysis can be summarized as follows:

e The under-melting state yields a similar number of spatters to the one in normal-melting state, with
a comparable spatial spread but with a smaller average area;

e The over-melting state yields a larger number of spatters than the normal-melting state with a larger
spatial spread, but with a smaller average area;

e The LHZ area enlarges as the energy density increases.

These results suggest that monitoring the spattering behaviour via in-situ sensing may provide relevant

information to determine the quality and stability of the LPBF process.

4.2.Classification of energy density levels

The previous analysis was aimed at exploring the effect of different factors and their interactions on the
selected descriptors. The analysis presented in this sub-section, instead, aims at evaluating and
demonstrating the suitability of spatter-related information to classify under- and over-melting conditions
corresponding to low quality parts. Because of this, an ordinal logistic regression model was estimated [46].
The idea behind logistic regression consists of predicting the probability of different outcomes of a
categorically distributed response variable, given a set of explanatory variables. In this study, the energy
density is the categorical response with three levels that can be order in increasing fluency order. The
explanatory variables are the spatter and LHZ descriptors, or a subset of them. The goal is not to determine
which is the best classifier for our data, but to determine if the inclusion of spatter-related descriptors as
predictor variables may enhance the classification of different energy density states. Because of this, the
ordinal logistic regression model represents a suitable choice as it allows taking into account the ordinal
nature of the dependent variable, evaluating the significance of different model terms and comparing
alternative models by estimating goodness-of-fit measures. The details of the classification model are

described in Appendix A.

Three ordinal logistic regression models were compared, by selecting different subsets of descriptors. The
first model, representative of benchmark monitoring approaches, exploits the LHZ area alone as explanatory
variable. The second model includes both the LHZ area and the spatter descriptors. The third model includes

only the spatter descriptors. The classification models where compared in terms of both goodness-of-fit



criteria and misclassification performances. Regarding the goodness-of-fit estimation, two widely used
criteria were applied: the Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC)

[50]. The AIC is defined as follows:

AIC = 2k — 2In (L) (2)
where k is the number of parameters included into the model and L is the maximized value of likelihood
function for the fitted model. The BIC applies a stronger penalization on the number of parameters with

respect to the AIC and it is defined as follows:

BIC = —2In(L) + kIn(n) (3)

where n is the number of observations used to fit the model.

Fig. 11 shows the AIC and BIC values computed separately for the two builds, by including the measured
values in all the monitored layers. Both for the criteria, the lower is the value of the test statistic, the more

preferable is the model.
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Fig. 11 — AIC and BIC values corresponding to different classification models

Fig. 11 shows that a classification model based on the LHZ area alone yields a lower goodness-of-fit than
model that include the spatter descriptors as well. In addition, the two models that include only the spatter

descriptors or the both the spatter and LHZ descriptors have a similar goodness-of-fit.

A further comparison was made by estimating the misclassification errors via leave-one-out cross-validation.
The misclassification error is the overall ratio of wrongly classified energy density categories, ranging

between 0 and 1. Fig. 12 shows the 95% Cls of misclassification errors by using, in each model, the data



acquired during the scan of either internal hatches or borders. Fig. 12 shows that the use of the LHZ area
alone yields a poor classification result, which is significantly improved by including the spatter descriptors
into the model. In Build 1, slightly better classification performances were achieved by using the complete
model (i.e., the one that includes both the LHZ area and the spatter descriptors), whereas in Build 2 this
complete model and the one based on the spatter descriptors alone yield basically equal performances.
Especially in Build 2, it is evident that exploiting only the data acquired during the scan of internal hatches
enhances the classification performances. This is caused by the fact that the volumetric fluency levels were
varied only during the internal scan phase. However, due to the interaction between the scan phase and the
energy density highlighted in the previous sub-section, also the data acquired along the border scan entails

relevant information for melting state classification.
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Fig. 12 — 95% Cls for the misclassification error estimated via leave-one-out cross-validation for different models in
Build 1 (left panel) and Build 2 (right panel)

5. CONCLUSION

The development of in-situ sensing and process monitoring techniques represents a necessary step to
overcome current technological barriers to the industrial breakthrough of metal AM systems. One major
challenge consists of quickly detecting the onset of defects while the part is being produced. In this
framework, our study focused on the monitoring of the process at track level. The objective was to evaluate
the suitability of material ejections produced by the beam-material interaction is LPBF as potential
observable signatures. Such additional type of information could be combined with other relevant quantities
(e.g., the melt pool properties) to develop multi-sensor data fusion techniques to enhance the defect

detection in LPBF.



The use of high-speed machine vision was discussed to gather in-situ image streams along the scan path of
the laser and extract different statistical descriptors of the spattering behaviour. The selected descriptors
captured the number, average size and spatial spread of the spatters during the scan of both internal hatches
and borders. An experimental study involving specimens produced at different energy density levels (named
under-, normal and over-melting) was carried out in LPBF of maraging steel powder. The results showed that
the under-melting state yields a number of spatters with a spatial spread similar to the normal melting state,
but with a smaller average area. Moreover, the over-melting state yields a larger number of spatters than
the normal melting state with a larger spatial spread, but with a smaller average area. An ordinal logistic
regression model was developed to evaluate whether spatter-related information could enhance the
classification of out-of-control melting states with respect to the analysis of the laser heated zone alone. The
comparative analysis confirmed that the in-situ analysis of spatters improves the capability of classifying
different melting conditions. This suggests that spatters can be used as additional process signatures in LPBF
process monitoring, possibly by coupling co-axial sensing for melt-pool monitoring with off-axial sensing for
measuring additional quantities. Future research efforts will be aimed at including this kind of signature in
statistical process monitoring tools based on in-situ image acquisition, possibly by comparing different
sensing solutions. Further analysis are needed to investigate in more depth the spatial location effect on
spatter descriptors where larger and more complicated slice geometries are produced, and to determine the

suitability of spatter descriptors to detect transitory events and spatially localized defects.
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APPENDIX A - The ordinal logistic regression model

Consider a classification problem characterized by a response variable, Y, with C ordered categories, and k

explanatory variables X, ..., Xj, for observations i = 1, ..., n. The ordinal logistic regression model describes

the relationship between the cumulative probabilities of the response categories and the explanatory

variables. The probabilities associated to different categories are defined as () = P(Y =j) and the

probability that a response belongs to a category with a value less than or equal to category j is defined as

yi(])

= P(Y; <)) for the i-th observation. Then, the ordinal logistic regression model is defined as follows:

6)) ,

L P L G/E=D)) B -

" (1 — y.(j)> = <P(Yi >j)) = al = (BXyi + o+ BiXia), j=1..,C-1
l

Therefore, the model for the cumulative probabilities is:

explaD) — (B Xy + - + Bi X))
1+ expla® — ((B1 X1 + - + BiXi)]

YD =pPY<j)=

The probabilities of individual categories are then computed as follows:

) =y - &Pl = (BiXy + -+ BiX)]
BEA 1+ expla® — (B X1 + - + LrXi)]

_ exp[a(j) = ((B1 Xy + -+ 5ka)] _ exP[a’(j_l) —((B1 X1+ + ﬁka)]
1+ expla) — ((BiXys + -+ BeX)] 1+ explaU=D — (B Xy + -+ B Xi)]



http://link.springer.com/bookseries/7092

exp[a(c_l) — (B X1+ + ﬁka)]
1+ exp[a®D — ((B1 Xy + -+ BXy)]

T[(C) = 1 —_ y(c_l) =

Once the logistic regression model has been estimated, the classification task is accomplished by predicting

the category probabilities for every observation and select the category with the highest probability.

Appendix B — Maraging powder specifications

The experimental analysis was performed by using a gas-atomized 18Ni (300) maraging alloy powder supplied
by Sandvik Osprey LTD (Neath, UK). The particle size distribution is shown in Fig. B1 (the average particle size
is about 35 um). The alloy chemical composition in shown in Table B1 and Fig. B2 shows the morphology of

a batch of powder used in the LPBF process.

Table B1 — Chemical composition of the maraging alloy (weight fraction, %)

Ni Mo Co Ti Al Si
17.6 53 96 0.7 0.09 0.2
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Fig. B1 — Particle size distribution of the maraging alloy powder used in the experimental activity




Fig. B2 — View of a batch of maraging alloy powder used in the experimental activity
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