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Additive manufacturing (AM) is a novel fabrication technique capable of producing highly
complex parts. Nevertheless, a major challenge is the quality assurance of the AM fabricated
parts. While there are several ways of approaching this problem, how to develop informa-
tive process signatures to detect part anomalies for quality control is still an open question.
The objective of this study is to build a new layer-wise process signature model to charac-
terize the thermal-defect relationship. Based on melt pool images, we propose novel layer-
wise key process signatures, which are calculated using multilinear principal component
analysis (MPCA) and are directly correlated with the layer-wise quality of the part. The
resultant layer-wise quality features can be used to predict the overall defect distribution
of a fabricated layer during the build. The proposed model is validated through a case
study based on a direct laser deposition experiment, where the layer-wise quality of the
part is predicted on the fly. The accuracy of prediction is calculated using three measures
(i.e., recall, precision, and F-score), showing reasonable success of the proposed method-
ology in predicting layer-wise quality. The proposed quality prediction methodology
enables online process correction to eliminate anomalies and to ultimately improve the
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1 Introduction

Additive manufacturing (AM) techniques fabricate parts with
complex shapes in a layer-by-layer manner, significantly reducing
material waste and enabling new design options that are not feasible
with conventional manufacturing technologies [1]. However, a
major barrier that prevents broader industrial adoption of AM is
that the quality of manufactured parts usually does not meet the
stringent requirements of industrial application due to the existence
of defects (e.g., porosity, cracks, and lack of fusion). There is an
urgent need to develop layer-based quality measures for deposited
layers so that correction actions can be taken to improve part
quality during the fabrication [2,3]. Establishing an accurate
process—defect relationship of the metal additive manufacturing
through new layer-based process signatures can provide great
value toward improving the part quality.

The challenges associated with the development of in situ layer-
wise process signatures are twofold. First, there exists tremendous
uncertainty in the underlying thermomechanical process of the
metal printing associated with powder properties and process
parameters. The existing finite element methods (FEMs) have
been used to model the correlation between thermal history and
microstructure properties. Temperature distribution and thermal
behavior are the key properties for studying the thermomechanical
process, affecting the residual stress, formation, and hardness as
well as phase transformation during the AM process, which have
been studied thoroughly by multiple research groups [4-7]. More-
over, the input parameters of an AM process influence the
thermal history as well as mechanical properties significantly
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quality of the fabricated parts. [DOL: 10.1115/1.4043898]

[8,9]. However, these FEM approaches are (1) dependent on part
geometry, (2) time consuming, (3) nonrobust to process uncertainty
(deterministic nature), and (4) computationally expensive.

Another group of methods uses advanced sensing technologies for
in situ thermal monitoring. The resulting sensing data are high
dimensional and have a low signal-to-noise ratio. Existing data-
driven methods focus on statistical approaches to detect anomalies
using observed thermal images [10-12]. Most of the existing
works use local features for quality prediction purposes, and they
cannot be directly utilized to characterize the profile of an entire
deposited layer for multiple reasons, namely, (1) propagation of
error, (2) negligence of between-layer variation, and (3) negligence
of mushroom effect, which are discussed in detail in later sections.
Hence, layer-wise modeling has attracted the attention of the AM
community [2,3]. Layer-wise spatial porosity evolution has been
modeled by Liu et al. based on X-ray computed tomography
(XCT), which is a highly time consuming, expensive, and off-line
characterization technique and, thus, very difficult to be used for in
situ process monitoring [13].

In this work, we propose a data-driven methodology to extract
thermal-based process signatures, which are directly correlated to
the quality of the deposited layers. This represents a fundamental
shift in the paradigm, from modeling and monitoring based on indi-
vidual melt pools to layer-based modeling. To address the issue of
high dimensionality of thermal history images, we propose to
develop a tensor-based modeling approach to characterize the
highly dynamic thermal-physical AM process captured by
the pyrometer camera during the build. Figure 1(a) illustrates the
initial structure and temporal trend of the captured images within
the layer, and Fig. 1(b) demonstrates the tensor structures of the pre-
viously captured temporal data (see Secs. 3.1 and 3.2 for details). A
central premise of the proposed methodology is that a consistent
thermal history tends to lead to a homogenous microstructure of the
deposited layers, resulting in more consistent part quality. To charac-
terize the variability exhibited in the thermal history, multilinear
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Fig. 1
based thermal images, (b) tensor structure of the layer, (c) extracted principal components,
and (d) layer-wise process signature

principal component analysis (MPCA) is utilized to extract the spa-
tiotemporal variation pattern of thermal images as a tensor. Projecting
the tensor data into a lower dimensional space leads to the core tensor
shown in Fig. 1(c), in which critical information is condensed as
principal components (PCs) (see Sec. 3.3 for details).

We propose a novel, layer-wise quality signature using the
volume of convex hull formed by the multilinear principal compo-
nents of all individual melt pools from the same layer fabrication.
Figure 1(d) illustrates the geometric-based feature (convex hull)
calculated by means of the PCs chosen from the low-dimensional
tensor to predict the layer-wise quality (see Sec. 3.4 for details).
We examine the uniqueness and sensitivity properties of the pro-
posed layer-wise quality index and prove that it is a more suitable
index (compared to symmetric shapes) to characterize the layer-
wise melt pool consistency. The proposed methodology is validated
using a real-world direct laser deposition (DLD) experiment. The
predicted layer quality is compared to the outcome of the XCT char-
acterization, which is regarded as the ground truth. This proposed
new quality index provides the theoretical foundation for online
process control/correction for the laser-based additive manufactur-
ing process by accurately predicting the overall quality of deposited
layers.

The remainder of the paper is organized as follows. Section 2
reviews the background studies in the literature; Sec. 3 provides
the mathematical modeling of the proposed methodology; Sec. 4
discusses the case study used to validate the proposed methodology;
Sec. 5 provides concluding remarks and the direction of possible
future work; and Sec. 6 provides practical guidance for the practi-
tioners for layer-wise quality prediction.

2 Literature Review

2.1 Defect Identification and Characterization of AM
Parts. One major barrier in the broader industrial adoption of
AM processes is their lack of robustness, stability, and repeatability
caused by defects within the manufactured part, such as porosity,
residual stress, minicracks, delamination, etc. [1]. According to
Sharratt [14], causes of defects and anomalies can be grouped
into three categories: (1) equipment-induced defects caused by
improper performance, setting, and calibration of the main system
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lllustration of the four main steps toward achieving the key signatures: (a) initial layer-

components, (2) process-induced defects caused by process input
parameters and previously melted materials, and (3) model-induced
defects caused by choices implemented during the AM build design
stage. All those sources directly influence the thermal distribution
during the build, causing possible formation of defects within the
AM parts. Therefore, the thermal history of AM processes contains
critical information for AM part defect detection. Many researchers
have studied the methods to identify part defects and deformations.
For example, defects such as material cross-contamination (caused
by the presence of foreign materials in powder), lack of fusion
porosity, balling, and cracking have been investigated in laser
powder bed fusion (LPBF) processes [15—18]. Moreover, part dis-
tortion and deformation is another major type of defect that has
been extensively studied in different AM processes such as
extrusion-based AM process, direct energy deposition, and fused
filament fabrication [19-22]. In addition, process optimization
helps minimizing the defects and thus improve the AM process
output. Part build orientation, process parameters, and process con-
dition optimization are thoroughly studied to minimize geometric
deviations and improve AM fabrication quality [23-26].

Traditional defect characterization techniques have been used
to pinpoint the defects within the AM parts. For example, postma-
nufacturing characterization techniques, such as XCT scanning and
ultrasonic testing, have been extensively used to detect internal
defects. Ultrasonic approaches have been primarily used to
analyze the internal structure of parts in order to detect the
defects such as pores, voids, cracks, and delamination [27,28].
For example, Cai et al. [29] proposed to use the nondestructive
XCT technology to study the internal structure in order to character-
ize the relationship between process parameters and material poros-
ity in a selective laser melting (SLM) process. They used an
efficient image processing tool, which involved image enhancement
and ring artifact removal before image segmentation. In another
study, Liu et al. [13] proposed to model the spatial distribution of
pores and their evolution inside a layer based on XCT scan data.
This approach identifies the pore-prone areas in an AM part,
which provides information on location and severity of the pores
in different layers.

Although postmanufacturing characterization approaches pro-
vide valuable information on the internal structure of AM parts,
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they are subject to the following limitations. Postmanufacturing
characterization techniques, such as XCT scanning systems, are
usually time consuming to implement. In addition, the accuracy
of the ultrasonic approaches highly depends on the number of
layers selected for inspection. Moreover, these approaches cannot
serve for real-time modeling or monitoring for AM processes and,
thus, cannot leverage the layer-by-layer nature of AM parts for in
situ quality improvement purposes.

2.2 Process Modeling and Anomaly Detection. In this
section, we focus on the literature pertaining to DLD and SLM
processes, which are the two most common metal printing
methods. DLD uses a powerful source of energy (i.e., a laser
beam) to melt feedstock material (powder or wire) into a substrate
to fabricate the design [30]. On the other hand, SLM consists of
layers of powder spread on a platform, where powders in each
layer are selectively fused together with a laser beam [31]. The
main difference between DLD and SLM is that there is no powder
bed in DLD processes, and the feedstock material is delivered simul-
taneously with the focused laser energy. For both DLD and SLM pro-
cesses, the laser is the major energy source which dominates the part
fabrication process. Thus, the thermal response as a function of time
[32], i.e., the thermal history, is a salient process signature which
carries important information about the microstructure of the as
built part. Our method is based on the observed thermal history,
and it can be potentially applied to both SLM and DLD processes.

Current studies on thermal history modeling and monitoring for
AM processes can be categorized into two groups: finite element
analysis methods and data-driven methods.

2.2.1 Finite Element Analysis Models. Many studies have been
carried out using FEMs to model the thermal history. To name a
few, Matsumoto et al. [4] proposed a method to simulate the fabri-
cation process of a single layer using the SLM process. Kolossov
et al. [5] modeled the temperature evolution and the formation of
the sintered part using a three-dimensional FEM in a selective
laser sintering process. A three-dimensional thermokinetic model
was investigated by Crespo et al. [6], which is capable of simulating
temperature field evolution and solid-state phase distribution during
the laser powder deposition (LPD) of titanium. Martukanitz et al.
[7] investigated a hybrid FEM (inactive/quiet element activation)
to characterize the development and evolution of the microstructure
during AM processes. Costa et al. [33] developed a three-
dimensional thermokinetic FEM to simulate the changes of the
phase transformation and properties during an LPD process.
Costa et al. [34] developed a thermokinetic FEM for a multilayer
LPD process. This model couples a finite element heat transfer
model with a phase transformation kinetic data as well as a semi-
empirical microstructure—property relationship model to finally cal-
culate the hardness distribution of the part. Additionally, handful of
recent studies has focused on thermal evolution modeling based on
FEMs for thermal history prediction [35—44]. Defect prediction and
thermal modeling can be done by macroscale and mesoscale FEMs.
For example, porosity and lack of fusion defects have been investi-
gated using finite element and numerical modeling [45—47]. More-
over, many studies have focused on thermal evolution and its effect
on microstructural properties [48-50].

Although FEMs have been extensively used in modeling AM pro-
cesses, they have some major limitations. First, the deterministic
nature of FEM makes it difficult to take process uncertainty into
account. Additionally, FEMs are usually computationally expen-
sive, making them impractical for in situ quality control applications
and unsuitable for industrial applications of quality/control. In addi-
tion, FEMs are highly dependent on part geometry, making them
very difficult to be generalized to different geometries. Furthermore,
model calibration and validation of FEMs requires additional data
from real-world predictions. In summary, it is cumbersome to imple-
ment FEM approaches for real-time process monitoring/control and
using data-driven methods relying on in situ sensing technology cur-
rently represents the most viable solution.
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2.2.2 Data-Driven Approaches. The advanced sensing tech-
nologies have enabled in situ process monitoring based on
thermal history collected using either pyrometers or infrared
cameras. For data-driven approaches, the thermomechanical rela-
tionship is characterized using the statistical correlation between
real-time sensing data and postprocessing microstructural proper-
ties. The thermal history of an AM fabrication is composed of a
series of high-resolution thermal images which may be subject to
low signal-to-noise ratio. Therefore, current data-driven approaches
usually involve two steps: (1) dimension reduction (i.e., feature
extraction) and (2) defect detection based on supervised or unsuper-
vised learning algorithms.

In thermal images, melt pool represents the region of superheated
molten metal in proximity to the laser—material interface, which
contains critical information for process condition [32]. Melt pool
morphological features, such as its depth, size, and temperature dis-
tribution, are used for process monitoring and anomaly detection
[32,51]. For example, an anomaly detection approach was devel-
oped by Clijsters et al. [52] for the SLM process based on melt
pool features captured by a co-axial pyrometer sensing system.
Structural anomalies such as porosity can be directly linked to the
process signatures extracted from the melt pool. A predictive
control model was incorporated by Song and Mazumder [53] to
control the melt pool temperature for a high-power diode laser clad-
ding process. The authors used a double-color pyrometer camera for
melt pool thermal monitoring. Subsequently, they proposed a state-
space method to model the dynamics between the laser power and
melt pool temperature for real-time closed-loop control. Moreover,
Lane et al. [54] proposed to monitor the melt pool region using high
speed thermographic measurements for a LPBF process. The area
enclosed by the melt pool isotherms (contours) varies based on
the location of the build stripes. Additionally, melt pool depth is
directly correlated with deposited layer thickness, microstructure
evolution, and pore formation. Having a high layer thickness may
cause lack of fusion defects among consecutive layers or adjacent
tracks which has been extensively studied [55-57].

Melt pool contours (i.e., the boundary of melting temperature of
the fabricated material) have been recently investigated for anomaly
detection in a DLD process [58,59]. Their proposed model does not
depend on part geometry, and it can be easily generalized to differ-
ent material properties as long as thermal history and defect infor-
mation (for example, porosity) are available. Kanko et al. [60]
proposed an in situ defect detection based on morphology measure-
ments obtained from longitudinal sweeping of the imaging beam
alongside the length of melt pool in an SLM process. Grasso
et al. [10] proposed a model to detect and identify the anomalies
in an SLM process by using a machine vision system in the
visible range. They aimed to find the melt pools with different
behaviors in terms of pixel intensity patterns over time. They
used vectorized principal component analysis (PCA) to process
the image data in order to apply a spatial version of Hotelling’s
T statistics. Finally, a k-means clustering model is trained to
detect and locate the anomalies during the layer-by-layer SLM
process. In a subsequent study, the authors investigated statistical
monitoring for different materials [11]. Krauss et al. [61] proposed
a methodology to monitor the temperature distribution of a single
layer alongside its evolution during the build using an off-axial ther-
mography system. Their proposed methodology was able to detect
anomalies such as process errors, pores, and other irregularities
based on thermal distribution during an SLM process. Khanzadeh
et al. [12] proposed a porosity prediction method based on the tem-
perature distribution observed from the top of the melt pool. They
used a self-organizing map method to analyze the melt pool images
for anomaly detection.

The existing studies for porosity prediction use individual melt
pools combined with clustering, classification, or control chart
methods to detect anomalies [1,10,12,58]. Directly applying the
existing methods to layer-wise quality prediction can lead to multi-
ple drawbacks. If each melt pool has a potential misclassification
probability of a, the misclassification probability of each layer
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Fig. 2 Demonstration of the change in layer feature behavior
due to a change in the single melt pool feature where square
dot stands for a normal melt pool and triangle dot stands for
an abnormal melt pool

with m melt pools is 1 — (1 —a)™. If @=0.01, the misclassification
probability of an arbitrary layer with 30 melt pools is 0.26 which is a
very high error rate. This is similar with the idea of the multiple
testing problem in statistical inference. Our method aims to
resolve this issue while it extracts holistic features from layer-wise
data for the quality prediction purposes.

The main contribution of the layer-wise study is quantifying the
variability between multiple melt pools within a layer. By looking at
the profile of the melt pools within the layer, we can obtain a holistic
view about the variability. This means that our method can distin-
guish various types of defects (e.g., lack of fusion, entrapped gas,
overheating, etc.) and capture different melt pool behaviors. As
illustrated in Fig. 2, change in melt pool features leads to change
in the convex hull boundary, which indicates a different thermal
behavior.

In addition, layer-wise profiles can account for the shift in tem-
perature distribution over layers due to the mushroom effect. The
mushroom effect is a phenomenon that top layers tend to have
wider shape compared to lower ones. This effect is a result of
more hydrophilic melt pools due to bulk heating of the parts [32].
The shift in temperature results in improper comparison between
melt pools of lower layers and upper layers. However, shift in tem-
perature over layers changes the location of the convex hull, not the
volume. Overall, volume of the convex hull is robust to the mush-
room effect. Therefore, all the above-mentioned studies focus on
process monitoring and anomaly detection based on individual
thermal images, and thus, they are not capable of characterizing
layer-wise process condition and part quality.

3 Methodology

3.1 Data Description and Challenges. The thermal history is
usually captured as a discrete series of melt pool images by a
pyrometer camera. When analyzing layer-wise thermal history,

| 3000
| 2000

1000

(a)

Fig. 3
temperature measurements (circled)
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there are four major challenges: (1) high data dimensionality due
to high sensor resolution, (2) corrupted images with no melt pool
captured, (3) missing data in some pixels in the melt pool images
(with unrealistic zero temperature), and (4) discrete image sam-
pling, which leads to limited number of melt pool observations
due to sensor sampling frequency. Examples of corrupted images
and melt pool images with missing data are illustrated in Fig. 3.
Moreover, due to the varying number of corrupted images within
each layer, there is a significant variability in the number of melt
pools observed within each layer. An example of an observed
melt pool number distribution across all layers for a thin wall is
illustrated in Fig. 4.

Conventional approaches analyze individual melt pool images
and provide local porosity predictions [1,10,12,58]. Those
approaches cannot deal with all the challenges concerning layer-
wise modeling of thermal history. In the following sections, we
propose a method to reduce the dimensionality of thermal images.
Subsequently, layer-wise key process signatures are extracted
through spatiotemporal variation within and between images.
Finally, the classification model is built upon key process signatures
for anomaly detection.

3.2 Data Transformation. Each melt pool is captured by the
pyrometer camera as an image with a temperature reading at each
pixel location within the field of view. Usually, the large size of
these images (number of pixels) complicates processing without
proper data reduction. Most importantly, the heat affected zone
(HAZ) carries the main features of the melt pool and is usually con-
densed. Transforming the initial coordinate system and interpolating
the temperature response surface can both emphasize the informative
HAZ and reduce the data dimensionality (as shown in Fig. 5).

Converting the coordinate system from Cartesian to spherical
enables melt pools with different sizes, shapes, and locations to
have an identical support in the spherical domain [12]. Subse-
quently, incorporating a nonparametric surface interpolation (e.g.,
biharmonic model) allows the discrete data to be converted into
a continuous form. With a continuous response surface, a relatively
coarse grid of information can be extracted to effectively
decrease the image size. Therefore, the overall data dimensionality
decreases significantly. Considering the output of data transforma-
tion, each melt pool M; is an image (second-order tensor) with size
I x5

3.3 Feature Extraction With MPCA. MPCA is a method
developed to extract features of multidimensional data expressed
as tensors [62]. One alternative approach is reshaping the melt
pool images into large vectors (vectorization) and applying the tra-
ditional PCA method. However, vectorization causes computational
and memory issues. Moreover, vectorization breaks the natural
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lllustration of (a) corrupted image with no melt pool information and (b) melt pool with missing
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Fig. 4 An illustration of different number of melt pools within
each layer when fabricating a 60-layer thin wall

correlation structure in the original melt pool images [62]. MPCA is
a dimensionality reduction algorithm that works directly on tensor
objects instead of vectors.

A set of N tensor objects { M, My, ..., My} is available for
training. Each tensor object M; € R" i accepts values from
tensor space R" @ R2. The MPCA’s goal is to perform a
two-mode transformation to map the original tensor data into a low-
dimensional tensor subspace. The two- ~dimensional melt pool data
require two pI‘OJeCthIl matrices {U" € R t=1,2} to m P
the melt pool images from the original tensor space R @ R>

into a tensor subspace R' ® R2 where I} < I,. The transformation
equation is

(T (T
M=Mx 0V, 07, j=1,.. N

where MJ/ € RI: captures most of the variation in the original
data. It is worth mentioning that the term PC mentioned in this
MPCA-based study refers to the entries within the projected low-
dimensional tensor Mj{, which is not exactly the same concept as
principal components extracted from traditional PCA.

To make sure the MPCA algorithm captures the major variability
in the healthy melt pools, it is critical to train the model only based
on the healthy melt pools to estimate the projection matrices. This is
under the well accepted premise that the healthy melt pools share a
similar thermal distribution.

3.4 Key Process Signatures of a Layer. It is desirable for a
key process signature to carry the most informative features to dis-
criminate healthy layers from unhealthy ones. In this section, two
novel layer-wise key process signatures are proposed based on
the low-dimensional subspace learned using the MPCA method.

3.4.1 Primary Feature: Volume of the Convex Hull. The first
key process signature is derived from the PCs resulted from
MPCA. This primary feature is proposed under the premise that
the thermal history of a healthy layer has a smaller variability,
and the main idea is to find a measure to capture the dispersion of
the PCs of all melt pools within one layer. Being unhealthy
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Fig. 6 lllustration of the primary layer-wise key signature.
Examples of (a) a healthy layer and (b) an unhealthy layer
based on the first two PCs extracted from MPCA.

causes at least one melt pool to have a major difference in PCs com-
pared to the healthy ones which leads to a more scattered distribu-
tion (as shown in Fig. 6).

To capture the dispersion, one reasonable approach is building a
convex hull using the PCs of all the melt pools observed in one
layer. Although, other geometries, such as minimal bounding
sphere, can also be utilized to enclose the points and characterize
the dispersion, convex hull builds a unique free form shape enclos-
ing all data points, and it is also highly sensitive to the outliers in the
enclosed data points. Two theorems below demonstrate the advan-
tages of using the convex hull over the minimal bounding sphere.
Before proving the theorems, formal definitions of the convex
hull and the minimal bounding sphere are provided.

DEerINITION 1. Convex hull: The convex hull of a finite point set C
is the intersection of all convex supersets containing C. Given that
C contains n points cj, ¢z, ..., C,, the convex set of C is represented
as conv(C) =Y, icilci € C, 4 >0, YL, =1} [63].

DerintTION 2 (Minimal bounding sphere). The smallest bounding
sphere w(C) is the hypersphere with the smallest radius which
encloses a given point set C in its interior or on its boundary;

e, |lc;—O| <RViel, ...,n where O and R represent the
center and the radius of w(C), respectively.

THEOREM 1 (Sensitivity). Adding a new point x™ to set C such that
x" & conv(C), the convex hull will definitely get enlarged. On the
other hand, lts smallest boundlng sphere may not always change.
Proof. If 34X =Y, 4 ,c,, A >0, YL =1, then x €
conv(C) and conv(C ux'p)= conv(C) Addmonally, for the
bounding sphere, [|x" — Ol =YL, 4 (ci— O)|| < XL, 4 llci — O]l
<>? ,AR=R, thus o(CU{x"})=w(C). If P =30,
e, A>0,and Y1, A =1, we need to add x* to the basis
of the convex combinations which updates the supersets and
extends the convex hull to com(CU {x* D ={ >, dici + App1x"
lc;eC, 4; >0, Z '2i=1}> wnv(C) Moreover, regardlng the
bounding sphere Hx such that x" & conv(C) and||x" —O| <R,
o(CU {x" ) =w(C); and if |x* — O]l > R, the radius R needs to be
enlarged to enclose x*, i.e., ®(C U {x"}) D w(C). ]

THEOREM 2 (Condmonal uniqueness). Each point set has its own
unique convex hull provided a fixed set of extreme points.

Proof. Suppose we have one set of n points C. Assume that two dif-
ferent points x| # x; are added separately to set C where

Ay x = il}kci, A4 >0, and 2”:}: =1
i=1 i=1

A=

2/1 ¢y AF >0, and Zz*:

which means both points are extreme points, and according to The-
orem 1, adding either of them to set C will enlarge the convex hull

081013-6 / Vol. 141, AUGUST 2019

into a new one where conv(C U {x;}) # conv(C U {x;}). On the
other hand, if |x; —O| <R and |x;— O] <R, the boundary
sphere stays the same even though new extreme points have been
added to the set, ie., @(CU{x;}))=w(CU{x;})=w(C). In
summary, while convex hulls of two different sets are different,
their corresponding minimal boundary spheres can be identical. =

Volume of the convex hull measures the dispersion of the points
in the high dimensional space. The more dispersion within data
points, the larger volume of the convex hull. The algorithm on
how to calculate the volume of a high dimensional convex hull is
provided in Ref. [64].

3.4.2 Secondary Feature: Maximum Norm of Residuals.
Although the convex hull is an effective measure for layer-wise
thermal characteristics, the extracted PCs may not capture all the
variation in the original data. Additionally, a valuable portion of
information may get lost during projection from a higher dimen-
sional tensor to a lower dimensional one. This is the reason why
another signature feature should be introduced to account for the
part not considered in the primary feature.

Each melt pool after projection loses a portion of data, whose
amount differs from one melt pool to another. Baclgv;ard projection
of each melt pool using the projection matrices U ~ will create a
tensor with the same dimension as the original tensor. Subtracting
these two tensors generates the residual tensor. Backward projection
is performed as follows:

Mox 0V % 0%, j=1, .. N

M//
where M accepts value from tensor space R ® R, same as its
initial tensor M;. Therefore, the residual tensor is R = M; — M.
One way to represent this residual tensor is through the L' norm.
Since the MPCA model is trained based on healthy melt pools, it
is expected that projecting unhealthy melt pools results in either sig-
nificantly different PC values or significantly larger residuals com-
pared to the healthy ones. Choosing the maximum norm of residuals
inside a layer is one effective way of capturing anomalies. If there
exists at least one unhealthy melt pool inside a layer, it causes the
maximum norm of residuals to increase remarkably (as shown in
Fig. 7). This is similar to the idea of group control chart in statistical
quality control [65].

3.5 Classification: Correlating Layer Signatures to
Structural Quality. After defining the signature features (i.e.,
the convex hull volume and the norm of residuals), the classification
model can be trained. The goal of the classifier is to draw a bound-
ary between healthy layers and unhealthy layers, which can be used
to predict the labels of newly observed layers. As mentioned before,
if one layer contains at least one porosity, it is labeled as unhealthy
(as shown in Fig. 8). The classifier’s input includes one vector of
response labels (0 if healthy, 1 if unhealthy) and a matrix of two pre-
dictors: the convex hull volume and the maximum norm of
residuals.

Numerous supervised learning algorithms can be applied to the
extracted features for layer-wise quality prediction. In this paper,
support vector machine (SVM) is selected as it is one of the most
powerful supervised machine learning techniques [66]. Detailed
discussion on SVM can be found in [67].

The objective of SVM methods is to find a hyperplane so that the
distance from the hyperplane to the nearest data point on each side
is maximized. In many real-world problems, instances of different
classes are not linearly separable. One solution is mapping data
into higher dimensional space where we can define a new separating
hyperplane. Kernel functions are a class of special functions which
make this mapping possible through defining inner products
directly in the feature space.

In this study, the Gaussian class of kernels is selected due to
the high flexibility this type of kernel functions can provide com-
paring to their linear counterparts. Using Gaussian kernels
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Fig. 7 Demonstration of the norm of residuals for melt pools of
two layers. Patterned bars are the norms for melt pools of the
unhealthy layer where solid bars are for the healthy layer.
There is only one defected melt pool in the defected layer
which demonstrates the maximum norm of residuals.

requires selection of the scale parameter (variance). In general, a
lower variance provides more flexibility when used in SVM
classification.

If there are p predictors, low-variance Gaussian kernel function
(variance = (,/p/4)) makes finely detailed distinctions between
classes (at the cost of overfitting in some cases); medium-variance
Gaussian kernel function (variance = (,/p)) has lower flexibility
than low-variance Gaussian and prevents overfitting issue; high-
variance Gaussian kernel function (variance = (4 X ,/p)) makes
coarse distinction between the data classes. Medium-variance
Gaussian is the suitable choice of classification in this study
where low-variance Gaussian has the risk of overfitting and the
high-variance Gaussian has the risk of low capacity, as illustrated
in Fig. 9.

3.6 Hyperparameter Tuning. The number of PCs chosen to
form a convex hull for each layer affects the output of prediction.
The number of PCs is regarded as a hyperparameter of the model
and the best way to determine its value is cross validation.

At each testing iteration (Secs. 4.4 and 4.5), all the layers are
divided into two mutually exclusive subsets, training and testing
sets. Within training set, a k-fold cross validation is performed,
and the performance of the model is evaluated using different
numbers of PCs (dimension of convex hull). This procedure is illus-
trated in Fig. 10. The value of k depends on the size of the training
set which is determined in both of the following sections. In case of
multiple dimensions (number of PCs) with maximum F-score, the
median of the set is selected.

The performance of the classification model can be evaluated
using three measures, namely, precision, recall, and F-score.

Fig. 8 The illustration of the part of an unhealthy layer which
includes pores
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Fig.9 Comparison of three different kernel variations of Gauss-
ian family

Those measures can be calculated using the formulas as follows:

True positive

Recall =
eea True positive + false negative

True positive

Precision = — ..
True positive + false positive

where true and false terms refer to correct and incorrect predictions,
respectively. Positive and negative terms refer to the predicted
classes of unhealthy and healthy layers. For example, true positive
is defined as the number of unhealthy layers that are accurately clas-
sified as unhealthy. F-score is the harmonic mean of precision and
recall.

recision X recall
F —score =2 x p—
precision + recall

4 Case Study

The performance of the proposed methodology is examined
using a direct laser deposition process which fabricates a thin
wall using Ti-6AL-4V. During the build of this thin wall, a pyrom-
eter camera captures the thermal images of melt pools at different
locations of the thin wall. After the fabrication, XCT scans are
used to characterize the layer-wise porosity structure inside the
build.

4.1 Experimental Setup. The experimental setup consists of a
LENS 750 machine equipped with thermal imaging camera, one
co-axial pyrometer camera to capture melt pools (Stratonics, Inc.),
and one infrared camera to capture the global heat flow

Outer Loop: Training Set I Testing Set |
General Cross —
Validation @

| | |
Inner Loop: | i | |
K-fold Cross
Validation | I | |

| J:L [ |

Parameter Selection
Model Finalization

N
= [Prcin]

Fig. 10 General overview of parameter selection using cross
validation
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(Sierra-Olympic Technologies, Inc. Viento320). The pyrometer
camera mentioned in this study is referring to the melt pool
sensor which provides precise temperature measurements by
means of two-wavelength (1) pyrometry technology.'

In this study, melt pool images captured by the pyrometer camera
are used to build the prediction model. The pyrometer camera char-
acteristics are as follows:

e Exposure time: 2.0274 ms (reduces the risk of motion blur)

e CMOS detector with array size 752x480 and pixel pitch
6.45 um

e Captured temperature range: 1000-2500 °C

e Pixel clock: 5 MHz

e Nominal image collection rate: 6.4 Hz

The powder used is titanium alloy Ti-6AL-4V. Table 1 summa-
rizes the initial process parameters used to fabricate the thin
walls with height 27.56 mm, length 47.81 mm, and thickness
1.78 mm [68].

After the fabrication, the parts are scanned with a high-resolution
(1 um precision) XCT scan machine to detect anomalies. For a
high-quality scan, Al+ Cu filter is used to block out low-energy
rays. Part is rotated inside the chamber (0.5 deg in each step), and
in each step it is exposed to X-ray beams for 1400 ms to capture
the image. More information about the XCT scanning process can
be found in [69].

4.2 Dataset Description. The thin wall includes 60 layers
where each layer contains several melt pools in a temporal order.
Based on the XCT results, 26 layers include at least one pore.
These 60 layers of data are divided into two sets, the first part of
data is used to train the model and second part is used to test the per-
formance of the proposed method. Before dividing data into train-
ing and testing sets, all thermal images with size 752x480 are
cropped to images with size 130x 130, the universal region
which carries the important information about the melt pool. After-
wards, these images are transformed into spherical coordinates and
interpolated with a biharmonic model. The interpolation model is
used to extract a lower dimensional grid of data, and thus, each
image with size 130x 130 is transformed into a new grid with
size 27 x 32. After data transformation, MPCA is applied for dimen-
sion reduction, and key signature features are extracted based on the
extracted PCs.

4.3 Benchmark Method. In this section, a traditional scheme
is demonstrated which combines Hotelling’s T? statistics and their
variability within one layer to detect unhealthy layers. It is worth
mentioning that the numbers of melt pools differ among different
layers, and therefore, traditional statistics (like Hotelling’s T2)
cannot be directly applied to the layer-wise data. Some additional
steps need to be taken to account for the different numbers of
melt pools within different layers. One way is to calculate a
single Hotelling’s T? statistic based on each individual melt pool
and then use a traditional quantification, the variance of all the T>
statistics observed from one layer, to characterize the layer-wise
dispersion.

After applying the MPCA algorithm for dimension reduction,
Hotelling’s T? statistics can be calculated for each individual melt
pool using the equation as follows:

ro === (v = p)

where x is a p x 1 vector of the extracted PCs, y is the mean vector of
PCs, and X is its covariance matrix. With the statistics of each melt
pool, the variability within each layer is calculated. It is expected
that the layers with higher variance contain at least one porosity.
Similar to the proposed methodology, the mean y and covariance
matrix X of the extracted PCs are estimated using the training set.

'http:/stratonics.com/systems/sensors/
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Table 1 lllustration of process parameters used for the
fabrication of thin wall

Laser power 290 W Scan speed 12.70 mm/s
Powder feed rate 0.32 g/s Hatch spacing 0.508 mm
Substrate 3.3 mm Starting offset from 6.7 mm
thickness substrate

Layer thickness 0.508 mm Nozzle diameter 1.016 mm

The variance feature extracted from Hotelling’s T2 replaces the
convex hull-based feature to quantify the dispersion within each
layer, and the classifier is trained based on the maximum norm of
residuals and the variance of the T statistics within one layer.

For a fair comparison, the same cross-validation procedure is
applied for both the proposed methodology and the benchmark
method. The selection procedure of the number of PCs are identical
for both methods with one exception, where Hotelling’s T> can use
all the available PCs to train the covariance matrix.

4.4 Leave-One-Out Cross Validation. Leave-one-out is an
N-fold cross validation where N represents the number of
samples. Training set consists of N—1 layers where a six-fold
cross validation is used to determine the number of PCs. The con-
fusion matrix after applying both models to the 60 layers is shown
in Table 2. Additionally, the histogram shown in Fig. 11 demon-
strates the frequency of the number of PCs used in the proposed
and benchmark methods within all steps of leave-one-out cross
validation.

Comparing the results shown in Table 2, the proposed methodol-
ogy has significantly better performance especially for predicting
the unhealthy layers. The benchmark method has lower accuracy
in terms of all the quality measures.

As is shown in Table 2, there are two unhealthy layers that are
misclassified as healthy (i.e., two false negatives) and one healthy
layer (i.e., one false positive) that is classified as unhealthy.
Those false negatives, though identified as unhealthy from XCT
scans, demonstrate normal thermal behavior based on the observed
thermal history. This may be due to the missing melt pool images
within those layers because of either the limited sampling rate or
the corrupted image data. The false positive behaves as unhealthy
which may be due to corrupted images collected by the thermal
camera during the fabrication process.

4.5 Monte-Carlo Cross Validation. Repeated random sub-
sampling validation, also known as Monte-Carlo cross validation,
randomly splits dataset into training and testing sets [70]. Training
and testing sets are randomly assigned with 50 and 10 layers,
respectively. Within the training set, a six-fold cross validation is
performed to determine the number of PCs leading to a better clas-
sification performance. Finally, the performance of both models is
tested based on the testing set.

This random selection is performed 500 times and all the three
measures are calculated for each iteration. In each iteration, misclas-
sified layers, if any, are removed from training set until all the layers
are classified correctly. The histogram of the number of PCs chosen
in each iteration is shown in Fig. 12. The mean and standard devia-
tion (SD) values for the recall, precision, and F-score for both
methods are shown in Table 3.

According to Table 3, proposed methodology significantly out-
performs the benchmark method with respect to all the quality mea-
sures. Therefore, the convex hull-based approach defines a more
reliable quality feature concerning the anomalies detection within
layers compared to the Hotelling’s T> approach.

The output of one iteration of the proposed methodology is
illustrated in Fig. 13 as an example where there are five healthy
and five unhealthy layers in the testing set. Nine out of ten layers
are classified correctly and only one unhealthy layer is misclassified
as healthy. The classification model uses the medium-variance
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Table 2 Confusion matrix for the leave-one-out cross validation

Proposed method Benchmark method
Predicted Predicted
Healthy Unhealthy Healthy Unhealthy
Actual Healthy 33 (97%) 1 (3%) Actual Healthy 33 (97%) 1 (3%)
Unhealthy 2 (8%) 24 (92%) Unhealthy 5 (19%) 21 (81%)
Classification Accuracy
Recall Precision F-Score Recall Precision  F-Score
0.92 0.96 0.94 0.81 0.95 0.87

0.6 03¢
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Fig. 11 lllustration of the frequency of selected number of PCs in leave-one-out cross validation: (a) proposed and

(b) benchmark methodology

Gaussian kernel function to classify the layers, which is shown with
black line in Fig. 13. The bottom-left region of the line is classified
as healthy.

5 Conclusion

The main challenge in the additive manufacturing process is its
lack of repeatability, leading to quality issues such as internal
porosity, minicracks, and lack of fusion in the build. These

0.16 ¢
0.14

012+

2 3 4 5 6 7 8 9 10 11
Number of PCs
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Fig. 12
(b) benchmark methodology
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issues are the main barrier for broader industrial adoption of AM
technologies in the demanding industries. A wide variety of
approaches in the literature are focused on characterizing the
defects by modeling the thermomechanical relationship, i.e.,
FEMs, which suffer from limitations such as low computational
efficiency, high geometric dependence, and nonrobustness to
process uncertainty. Data-driven approaches can address these lim-
itations by characterizing the defects based on features extracted
from observed thermal history. However, existing data-driven
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lllustration of the frequency of selected number of PCs in Monte-Carlo cross validation: (a) proposed and
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Table 3

Summary of mean quality measures with their SD in parentheses

Recall

Precision F-score

Proposed
Benchmark

0.8930 (0.1525)
0.8495 (0.1711)

0.9617 (0.0930)
0.9285 (0.1441)

0.9165 (0.1083)
0.8750 (0.1257)
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Fig. 13
validation

lllustration of one iteration of Monte-Carlo cross

methods provide porosity prediction based on individual melt pool
images only, which cannot be directly used for layer-wise quality
prediction and process control.

In this paper, a novel online layer-wise quality prediction meth-
odology is proposed. First, the data-driven transformation tech-
niques are used to reduce the dimension of images, which brings
the images into an identical support and focuses on HAZ; subse-
quently, two novel layer-wise process signatures are derived
based on the tensor decomposition of melt pool images of the
entire layer using MPCA. The SVM classifier is used for real-time
layer-wise quality prediction based on the proposed key signatures.
The performance of the proposed methodology is validated
through two cross-validation techniques and is compared with a
benchmark method which combines traditional statistical
approaches. The proposed method can serve as a solid foundation
for in situ process control/correction actions for AM quality
improvement.

A couple of interesting topics still remain open for future
research. First, the proposed method does not account for the pos-
sible interactions between adjacent layers/tracks. One of the impor-
tant between-layer interactions is the remelting effect which refers
to a phenomenon where the heat generated when depositing a
new layer may remelt the recently deposited layers/tracks and
potentially correct the porosity formed in previous layers. Second,
the performance of the proposed method needs further investigation
when it is applied to complicated geometry fabrication. Last but not
the least, layer-wise process control algorithms are needed to work
together with the monitoring scheme to adjust the process parame-
ters for quality improvement.

6 Note to Practitioners

In this section, a step-by-step procedure is summarized to guide
the practitioners on how the proposed methodology can be used for
in situ layer-wise quality prediction. All the computations in this
paper are implemented using MATLAB, and all the codes are available
upon request. The experimental setup needed includes a co-axial
dual wavelength pyrometer camera for in situ data collection and

081013-10 / Vol. 141, AUGUST 2019

an XCT system for off-line validation. Prior to the data collection,
the sensor systems need to be properly calibrated.

Step 1: Data collection

Given the process parameters specified in the design, a number
of training samples are fabricated. The required sample size for
training is determined by the process variability and measure-
ment system capability. Subsequently, all the samples need to
go through a postmanufacturing inspection process using the
XCT machine. All the available training samples can be
divided into two portions with 80% for model training and
20% for validation.
Step 2: Data preprocessing

Melt pool images need to be labeled with their corresponding
coordinates in the final build based on the g-codes used during
the fabrication. The porosity locations obtained from the XCT
scanning should be matched with the derived melt pool locations
to label the melt pool images as healthy or unhealthy. In addition,
the corrupted images with no melt pool observed need to be
removed from the thermal history.
Step 3: Data transformation

Each melt pool image should be cropped using the same crop-
ping parameters to make sure all the melt pools can be included
by the cropped images. Subsequently, spherical transformation
and biharmonic surface interpolation are implemented to
further reduce the dimension of the melt pool images.
Step 4: Model training

Step 4.1: MPCA. Using the training set, multilinear principal
components analysis is applied to reduce the dimension
and extract the relevant features as a low-dimensional
tensor (core tensor). The entries in the core tensor are
the extracted PCs used to construct the layer-wise fea-
tures for quality prediction, and the projection matrices
are obtained for future dimension reduction.

Step 4.2: Layer-wise feature extraction. The primary feature
(volume of convex hull) should be calculated based on
different possible numbers of PCs used, and the second-
ary feature (maximum norm of residuals) can also be
calculated.

Step 5: Model selection

Using the validation set, the number of PCs with the best clas-
sification performance can be selected as the parameter to use for
future in situ prediction. In addition, the corresponding SVM
classifier using the selected optimal parameter can be obtained.
Step 6: In situ layer-wise prediction for new data

Step 6.1: For each newly fabricated part, the melt pool
images of each layer can be collected during the build
and analyzed by following the same procedure in
Steps 2 and 3.

Step 6.2: MPCA-based dimension reduction can be achieved
using the projection matrices estimated in Step 4.1.

Step 6.3: Based on the selected optimal number of PCs found
in Step 5, the primary and secondary features can be
calculated.

Step 6.4: Based on the extracted layer-wise features, the
SVM classifier trained in Step 5 can be used for
anomaly detection for each layer.
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