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Quality control in metal additive manufacturing prioritizes the development of advanced
inspection schemes to characterize the defect evolution during processing and post-
processing. This involves grand challenges in detecting internal defects and analyzing large
and complex defect datasets in macroscopic samples. Here, we present an inspection pipeline
that integrates (i) fast, micro X-ray computed tomography reconstruction, (ii) automated 3D
morphology analysis, and (iii) machine learning-based big data analysis. X-ray computed
tomography and automated computer vision result in a holistic defect morphology database
for the inspected macroscopic volume, based on which machine learning analysis is employed
to reveal quantitative insights into the global evolution of defect characteristics beyond
qualitative human observation. We demonstrate this pipeline by examining the global-scale
pore evolution in post-processing of binder jetting additive manufacturing, from the green
state, to the sintered state, and to the hot isostatic pressed state of copper. The pipeline is
shown to be effective at detecting and processing the information associated with a large
number (~10°) of pores in macroscopic volumes. The subsequent principal component
analysis and clustering analysis extract the key morphological descriptors and categorize the
detected pores into four morphological groups. By quantifying the evolution of (i) the weight
of pore morphology parameters and (ii) the pore number and volume fraction of each
categorized group, new understandings are developed regarding the effects of sintering and
hot isostatic pressing on pore decomposition, shrinkage, and smoothing during post-

processing of binder jetting.
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1. Introduction

Recent years have witnessed the rapid development of various metal additive manufacturing
(AM) technologies, from powder bed fusion, directed energy deposition, and binder jetting, to
additive friction stir deposition, allowing for net-shaping of a broad range of metals and alloys [1-
9]. However, AM also features a variety of defects like pores, internal micro-cracks, and air
bubbles that can be present in massive quantities with heterogeneous distributions in the as-printed
materials [5, 10], and is found to severely degrade the static and fatigue mechanical properties and
thus the reliability of the binder jetting parts [11]. The reliability of AM parts critically depends
on our quality control capabilities, which allows optimization and thereby allows reducing or
eliminating these defects [12]. This necessitates the development of advanced inspection schemes
to enable complete volumetric examination on the macroscopic level as well as comprehensive
understandings of the defect characteristics and their global evolution during AM and post-

processing.

Understanding defect evolution has been challenging in current AM research [13-15]. The first
challenge comes from the acquisition of the defect information throughout macroscopic volumes.
A lot of work in AM has focused on local defect characterization using destructive approaches, in
which a slice of material is subjected to optical, scanning electron, or transmission electron
microscopy [16-18]. These approaches are valid only if the defect information of the slice is
representative of the whole material, which is rarely the case for metal AM—the printed material
has location-dependent thermal histories that are governed by the component geometries and hatch
patterns. In contrast, ultrasonic wave or X-ray allows for non-destructive testing of large volumes;
as a result, tools like pulse-echo ultrasonic testing, laser ultrasonic testing, and X-ray computed
tomography (XCT) are becoming popular in metal AM inspection [19-22]. Among them, XCT
stands out for its superior spatial resolution and deep penetration capability that can provide rich
3D morphological information for all internal defects [21-23]. For example, inspections of porosity
in Laser Powder Bed Fusion based additive manufacturing has been widely explored with X-ray
CT scan, revealing a rich database of porosity emerged from various mechanisms, such as keyhole

collapse [24] and lack of fusion [25]. However, the porosity in LPBF systems has significantly



different spatial distribution and morphological properties from the pores in binder jetted materials;
the LPBF pores are usually much less densely populated and often clustered, while binder jetting
is characterized by large numbers of pores that are universally distributed in the sample [10, 11].
New analyzing approaches are needed to efficiently address the challenges associated with binder
jetted materials. In addition, high-resolution XCT for large-scale sample is slow; it may take hours

to characterize a millimeter-scale volume with micrometer-scale spatial resolution.

The second challenge stems from automated defect registration. While the high-resolution
volumetric XCT data provides comprehensive structural information, the size of the dataset is
massive (~ 2-15 GB), involving a large quantity of 3D defects with morphological features
spanning over several orders of magnitude. As a result, defect identification and characterization
need to be automated with 3D morphological analysis algorithms. Some commercial software
codes, such as FEI Avizo [26], and free image analysis software, such as ImagelJ/Fiji [27, 28], are
able to perform the semi-automated defect analysis for XCT data to provide some useful
information of defects, such as porosity fraction, pore area/volume size, position, etc. in 2D slices
[27] or 3D volume [26]. These pre-defined parameters, however, are not optimal to characterize
the pores morphological features in binder jetted samples, such as extrusion and necking. This
limits the capability for quantitative defect categorization and dynamic evolution analysis. More
comprehensive and reliable morphological characterization approaches tailored for the binder
jetting are needed. Recently, there has been great interest in developing computer vision based
automated inspection [14, 29-31]; in particular, deep learning approaches have enabled example-
based rather than conventional rule-based algorithms [32, 33]. Progress in this regard will facilitate

automated 3D analysis approaches for advanced inspection in metal AM.

The third challenge lies in efficient data analysis of defects with complex shapes, where
quantification of the morphology is essential to understand the global defect evolution during AM
and post-processing. Currently, the defect information in AM is typically represented by a single
metric, porosity, which is the volume fraction of pores [34-36]. The porosity can effectively
describe the quality of AM parts only if the spatial distribution of pores is uniform and all of the
pores are similar in sizes and shapes. It is also well known that porosity alone is insufficient to
account for the part properties such as permeability, elastic anisotropy and fracture toughness [37,
38], which are highly dependent on the pore shape, orientation, and spatial distribution.

Understanding the underlying correlations and trends for large defect datasets is therefore of

3



paramount importance. Such quantification and assessment can be explored through statistical
extremes, such as the maximum volume [39, 40]. Here, we explore an alternative big data

approach to extract evolutional features from the comprehensive dataset of all pores.

Quantitative big data analysis not only provides a holistic picture for global defect evolution
during AM or post-processing, but can also give rise to new physical insights beyond vision-based

qualitative description [41].

To address all these challenges, the goal of this work is to establish a new inspection approach
for AM research in binder jetting materials, which integrates the recent advances in (i) fast
tomography, (ii) 3D morphological analysis, and (iii) machine learning-based big data analysis.
Leveraging deep learning algorithms, fast tomography is used to collect high-resolution XCT data
with only a fraction of the normal data acquisition time [42-45]. Employment of computer vision
algorithms allows us to process large sets of X-ray CT data for holistic defect registration and
morphology parameterization more reliably and efficiently. The big data analysis enables us to
extract the key morphological descriptors of the defects and to categorize the defects into multiple
morphological groups based on feature similarity [46-50]. As a result, global defect evolution
during AM or post-processing can be quantified, and the most salient changes of defect

characteristics can be revealed.

Here, we demonstrate this method by examining the post-processing in binder jetting additive
manufacturing, which involves substantial global pore evolution from the green state, to the
sintered state, and to the hot isostatic pressed (HIPed) state. We use copper as a model system,
which is difficult to print using powder bed fusion and directed energy deposition due to the high
reflectivity and high thermal conductivity [51], but are readily printed by binder jetting with good
quality—as long as the internal pores can be effectively reduced via post-processing. We show
that the approach is effective at detecting and handling the information associated with the large
number (~10%) of pores in macroscopic samples, and the pore morphology can be sufficiently
represented by a few morphological descriptors based on principal component analysis (PCA).
The detected pores are found to be best categorized into four morphological groups, including
quasi-spherical pores, small elongated pores with high solidity (a.k.a. convexity, which is used to
quantify the amount of concavities of a shape within in its convex boundary. See Supplementary

Figure 2 for more information regarding the definition of solidity.), large elongated pores with low



solidity, and reticulated defects. By quantifying the evolution of the pore morphological
parameters and the weight of each categorized morphological group, we find a reduction in the
pore size and eccentricity after sintering and HIP. During sintering, the interconnected reticulated
defects break up into smaller pores, while the HIP process is more effective at reducing the size

and increasing the solidity of the isolated pores.
2. The Inspection Pipeline of Defect Evolution in Metal Binder Jetting AM

The proposed pipeline consists of three modules: (i) fast micro X-ray computed tomography,
which enables quick collection of 3D defect data in a macroscopic volume using sparse-view
tomography techniques; (ii) automated 3D morphological analysis, based on which the collected
data is processed for defect registration and morphology parameterization; (iii) principal
component analysis and clustering analysis, by which key morphological descriptors of the defects
are extracted and the defect morphology evolution is quantified during post-processing. Fig. 1

depicts a flowchart for the three modules and their connections.
2.1. Micro X-ray computed tomography (uXCT)

Global-scale AM characterization necessitates efficient and accurate acquisition of the 3D
morphological data of defects. A tomographic scan is performed to acquire projection images of
the object from different viewing angles. In this work, full view construction is first performed in
uXCT characterization of the binder jetted samples. To reduce the data acquisition time, we also
explore fast tomography, in which a convolutional neural networks (CNN)-based reconstruction
algorithm will be used to enhance the imaging quality from sparse-view CT.

Traditional reconstruction algorithms, such as filtered back-propagation (FBP), suffer from
severe reconstruction artifacts like streak effect and blurring [52-54]. Using deep learning
approaches, a network is trained to learn the prior features of the object as well as the
reconstruction artifacts. The training sample data consists of paired datasets of under-sampled
reconstructions and the corresponding high-fidelity ground truth from idealized acquisition
conditions. The trained network is used for imaging translation [43, 55-58], in which new under-
sampled reconstructions are converted into high-fidelity estimates. For the binder jetted copper
samples in this work, we use a hierarchical synthesis CNN (HSCNN) to improve the sparse-view
CT reconstruction. This is implemented through image translation, where under-sampled

reconstructions are converted into high-fidelity estimates via trained neural networks [45].



HSCNN involves a hierarchical split-and-combine architecture, as illustrated in Fig.1. The
networks first split the training data into three different resolutions to train three CNNs separately.
These feature maps on the three length-scales are then combined in a second training stage to yield
the final high-fidelity reconstruction. (See supplementary information for full architecture
parameters.) The capability of feature recognition across different spatial resolutions in HSCNN
has proven to be beneficial in characterizing 3D cellular and architectured materials [59, 60].

2.2. Automated 3D morphological analysis for pore morphology parameterization

To register the defects and parametrize their 3D morphology, the raw voxel-based 3D data from
uXCT (~2 GB) need to be processed using computer vision algorithms. First, the voxel brightness
distribution is sorted and fit to an expectation function of a bimodal Poisson model [53], where the
mean brightness of the expectation function is set to be consistent with the density of the measured
sample. This step removes unevenness from background illumination. Second, an adaptive
segmentation algorithm is implemented to differentiate low-density regions (pore or binder
domains) from high-density regions (metal) [52, 55]. This step binarizes the gray-scale images to
reduce the data size by three orders of magnitude (from 2 GB to 400 MB). Last, each potential
pore region is identified from the 3D binary data using connectivity analysis, and the target regions
are extracted and cross referenced with the gray-scale dataset. If the potential pore is well padded
(i.e., surrounded by a gradual transition region), it will be considered as a true pore and will be
registered. Otherwise, it will be considered as an artifact and ignored. The output of this step is a

full list of registered pores, which will be stored as connected voxel clusters.

The registered 3D pores are then parametrized to form a morphology data pool F. For each pore,
we first register the volume v based on the number of voxels and then register the surface area s
by fitting the pore surface with triangular meshes [61]. The pore shape and orientation are
determined based on ellipsoidal representation. Such geometrical approximation allows us to
register the principal axis length (a, b, and c¢), the axis orientation (€ and ¢), the centroid location
(%0, ¥o, and z,), and the bounding box size (x, y, and z) of each pore. Finally, we characterize the
pore solidity using convex hull. The convex hull of a closed region is the smallest convex set that
contains the region (see Supplementary Figure 2 for more information). The volume of each
convex hull is recorded as vp,,;;. The corresponding solidity can be measured by the ratio between

the actual volume and convex hull volume: v /vy,,;;, which ranges from 0 to 1. Solidity effectively



characterizes the pore shapes in terms of convexity, which quantifies ratio of concavities of a shape
in comparison to its convex bounding hull volume. High solidity means the volume is more convex
and low solidity means there are more concave boundaries. For a spherical pore, the actual volume
is the same as the convex hull volume and the solidity is 1. For a pore resulting from a network of
multiple narrow particle gaps, the convex hull volume is much larger than the actual volume, and
the solidity is much smaller than 1. The pore morphology is registered with the variables
summarized in Table 1. The holistic morphology data allows for statistical analysis of pore size,

eccentricity, and orientation distributions.

Table 1. Registered pore morphology variables.

Elliptical representation Voxel counting & Convex
Mesh fitting hull
Centroid  Orientation  Principal = Bounding Volume  Surface Volume
coordinates axis box size area
lengths
Xo Yo Zo 0 ¢ abc xXyz v s Vhull

2.3. Principal component analysis and clustering analysis

Morphology parameterization of all pores in the entire specimen allows for objective feature
selection without sampling bias using big-data analytical tools. In this module, we aim to find the
key descriptors that most efficiently represent the morphology variations among the pores, and
characterize the pore evolution within the key descriptor domain. We utilize the principal
component analysis (PCA) [49] to remove the redundancy from correlations between the analyzed

dataset (e.g., partial correlation between the volume and surface area).

Formally speaking, given the N morphology parameters for M pores, we register the N X M
matrix F = {fij,i =1,..N,j =1, M} to establish a pore morphological feature library. The
PCA method generates the uncorrelated orthogonal basis set P = {P;,i = 1, ... N}—the principal
components, where each P; is a linear combination of the N feature variables in F. These principal
components (PCs) are ordered by their component variance (starting from the most important P;
to the least important Py). Selecting the first few P;s allows for the optimal preservation of the
morphology differences with a reduced representation. The reduced PC domain provides a natural

basis to describe the morphology evolution of pores.



Finally, we categorize the pores into different morphological groups by identifying clusters that
are maximally separated in the reduced PC domain. This is achieved through the Gaussian mixture
model (GMM) clustering [46, 50], which fits the dataset into multi-variate normal components
that maximize the component posterior probability. The optimization algorithm involves
iteratively updating cluster centroid, covariance matrices, and mixing proportion, and assigning
data points to the clusters with the maximum expectation [61]. As compared to other clustering
methods such as k-means [48], GMM clustering provides a universal framework that allows us to
compare different clustering numbers and covariance structures. Two information criteria are
employed, Akaike information criterion (AIC) and Bayesian information criterion (BIC) [62, 63],
to evaluate the effectiveness and accuracy of the clustering models. Both AIC and BIC estimate
the relative amount of information lost from a fitting model: less information loss indicates a higher
quality for the model, which is represented by lower values of AIC and BIC. These two techniques
penalize a large number of clusters to prevent overfitting. Here we employ the minimization of
AIC and BIC to choose an adequate clustering model that represents the dataset without exceeding
complexity. This analysis enables quantification of the major trend of global defect evolution

based on objective, data-driven approaches.

3. Experimental Procedures

3.1. Material

Copper samples were additively manufactured using binder jetting, followed by several post-
processing steps. The copper powder used in this study was spherically shaped featuring a bimodal
diameter distribution with peaks at 5 um and 30 um. The two types of powders were mixed in the

ratio of 27:73 by weight using a low energy ball mill for ~ 2 hours.
3.2. Specimen manufacturing

Binder jetting additive manufacturing was conducted using an ExOne R2 3D printer at a layer
thickness of 70 um. Standard binder PM-B-SR2-05 provided by ExOne was used at a 100% binder

saturation value. More details of the AM parameters were elaborated elsewhere [64, 65].

The green copper sample consisted of two phases: loosely packed copper particles and
numerous binder domains [66, 67]. The first step in post-processing was de-binding, which was

carried out at 450 °C (53% melting temperature of copper) for 0.5 hour in a reducing hydrogen



environment. The second step was sintering, which was carried at 1075 °C (99% melting
temperature of copper) for 3 hours in the same environment. The third step was hot isostatic
pressing (HIP), which was carried out at 1075 °C under an argon pressure of 206.84 MPa for 2
hours. Three experiments were performed under the same binder jetting conditions but were
stopped at different steps of post-processing. Experiment 1 involved no post-processing;
Experiment 2 involved de-binding and sintering; Experiment 3 involved de-binding, sintering, and
HIP. The three corresponding samples were labeled as ‘green’, ‘sintered’” and ‘HIPed’ respectively.
All these three samples imaged through X-ray tomography are cut into 3.8 x 3.8 x 3.8 mm? to fit

into the field of view.
3.3. Micro X-ray computed tomography

For each copper sample, the 3D defect morphology was scanned using a laboratory-based
micron-scale X-ray tomography platform (ZEISS Xradia Versa 520, Carl Zeiss X-ray Microscopy
Inc., Pleasanton, CA) with a voxel size of 3.7x 3.7 x 3.7 um? and a total volume of 1024 x 1024
x 1024 voxels. This was equivalent to a macroscopic volume of 3.8 x 3.8 x 3.8 mm?3. The field of
view covered the entire volume of the samples, which were cut into 2x2x2 mm3 cubes and placed
close to the source. Tomographic scan was implemented with the voltage of 160 KeV and the
current of 200 pA. In the full-view configuration, 3201 projections were performed for high-
quality reconstruction, which took around four hours. For sparse-view tomography, only 201
projection images were scanned for each sample with the same operating parameters. The sparse-
view scan took around 15 minutes, approximately 16 times of reduction compared to full-view
experiment. The raw transmission projection images were reconstructed using a commercial image
reconstruction software package (ZEISS XMReconstructor, Carl Zeiss X-ray Microscopy Inc.,
Pleasanton, CA) which employed a filtered back-projection algorithm. For sparse-view
reconstruction, the HSCNN algorithm was performed to improve reconstruction quality. We
cropped 1740 patches with the size of 256x256 pixels randomly from the first 100 sparse-view
reconstructed images and the corresponding full-view reconstructed images as the network
datasets; 80% were used for training, and the rest were used for testing. The training of the network
was implemented using MATLAB 2018b (Mathworks, Natick, MA, USA). The trained network
was then used to enhance the rest, untrained slices by translating each patch in the new slice into

the enhanced output. These output patches were stitched accordingly to retrieve the reconstruction



result. The processor was Intel Core 17-6700K, the memory was 32 GB, and the GPU was one
NIVIDIA GeForce GTX 960 card. In this configuration environment, it took about 6 hours to train
samples over the network for one type of data. Once trained, it took only around 4 seconds for the

translation of one full slice.

All the post-processing, including the Automated 3D morphological analysis for pore
morphology parameterization, Principal component analysis, and clustering analysis, were

performed using MATLAB 2018b (Mathworks, Natick, MA, USA).
4. Results and Discussion
4.1. uXCT reconstruction

The uXCT reconstruction results are shown in Fig. 2 and Fig. 3 as 2D slices and 3D volumetric
renderings for the green, sintered, and HIPed samples. It should be noted that the pores are filled
with binder in the green sample but are not in the sintered and HIPed samples. For convenience,
in all the cases we use ‘pore’ to refer to the space that is not filled by copper, regardless of whether

it is filled by the binder.

The morphology evolution of the pores can be identified from the reduction of porosity and
pore sizes. In the green state, there are numerous pores, which are generally elongated, irregularly
shaped, and in some cases highly interconnected. Quantitative analysis confirms that the
percentage of such reticulated defects makes up over 90% of the relative pore volume fraction.
After burn-out of the binders and sintering, the part has significantly increased its density, and
network-like interconnected pores are seen to break up into a large number of more isolated pores
(from 22, 912 in green sample to 54, 739 in sintered sample). After the final post-processing stage
(HIP), many small pores disappear, leading to reduction in the total number of pores from the
sintered sample (40,018 in HIPed sample). The mean pore size keeps decreasing during this
process (from 20, 322 um?3 in the green sample to 14, 593 um?3 in the sintered sample, and to 4,
842 um3 in the HIPed sample). A change of the pore shape is also observed—the pores become
more spherical, which is reflected in the increase of solidity (from 0.6532 in green to 0.6840 in
sintered sample, and to 0.7026 in the HIPed sample). Overall, after each post-processing step, it is
evident that the pores become smaller in size, and the smaller pores are generally more spherical

in shape.
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The effectiveness of the fast X-ray CT algorithm is demonstrated for the green sample. Fig. 4
shows a comparison between (1) the sparse-view reconstruction (based on 201 projections), (2)
the full-view reconstruction (based on 3201 projections), and (3) the corresponding enhancement
using the hierarchical synthesis CNN algorithms discussed in Section 2.1. Clearly, the blurring
and streak artifacts shown in the sparse-view reconstruction have been effectively removed.
Validation on a number of slices also proves that the pore registration results from the enhanced
sparse-view reconstruction (i.e., the 3 column) are very close to that from the full-view
reconstruction (i.e., the 2" column). We employed two parameters, mean square error (MSE) and
structure similarity index (SSIM), to quantitatively assess the reconstruction results from the
developed HSCNN algorithm. The MSE between the sparse-view reconstruction result (Fig. 4a)
and the ground truth reconstructed from full-view CT (Fig. 4b) is 0.0073. Using the HSCNN
algorithm, this error is reduced to 0.0030 (Fig. 4c), while the SSIM increases from 0.5439 to 0.7407.
We also compared the 2D porosity fraction and pore size results based on extracted pores of these
three slices (Fig. 4d-f). While the total porosity of the three slices is obtained as 33.08%, 33.52%
and 33.44% for sparse-view using the traditional FBP algorithm, full-view reconstruction (ground
truth), and sparse-view reconstruction using the HSCNN algorithm, respectively. While the
measured porosity is similar, the distribution of pore sizes is more accurately captured with
HSCNN than that with the traditional FBP algorithm. There are 320 pores in the sparse-view
reconstruction result (Fig. 4d), 112 pores (ground truth) in the full-view reconstruction (Fig. 4e),
and 115 pores in the sparse-view reconstruction with HSCNN algorithm (Fig. 4f). The mean pore
area of these three slices are 931 um?, 2696 um?(ground truth), 2619 um?, respectively. These
quantitative comparisons show the reliability and efficiency of HSCNN algorithm for sparse-view
CT reconstruction. With reduction in the number of projection measurement by a factor of 16, we
have been able to obtain the high-resolution CT scan within 15 minutes, as compared to 4 hours

of data acquisition in full-view reconstruction.

While the developed fast tomography method for enhanced sparse-view reconstruction works
well for the green sample, the performance is less impressive for the sintered and HIPed samples.
The spherical shape of the as-printed particles provides a strong prior structural feature for the fast
tomography reconstruction for the green sample, but this feature becomes substantially weaker

after sintering and HIP as individual particles are merged through surface diffusion. In the
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following analysis, therefore, the fast tomography approach is used for the green sample, whereas

the full-view tomography approach is used for the sintered and HIPed samples.
4.2. Morphological and statistical analysis results

Table 2: Registered pore morphology data

Pore Centroid Orientation PA length Bounding box Volume Surface Convex
Index pm ° pm size um? area hull
pm um? volume
pm’
X, Vo Z, 0 [0) a b c x y z v s Vhutl
1 53 48.1 22 576 95.2 514 174 132 444 222 148 3.19¢3 1.55e3 7.70e3
2 2.5 273 5.7 338 120.5 393 259 144 296 259 444 6.13e3 2.23e3 1.02e4
3 279 809 143 722 74.7 283 112 894 241 189 163 2.14e5 5.37e4 2.31e6
4 13.0 412 390 545 2642 254 127 548 137 122 244 2.50e5 5.69¢4 1.64e6
5 4.9 295 63 782 9.6 245 334 212 333 592 407 1.27¢4 4.21e3 3.34e4
117669 61 40 600 90 2516 235 82 43 185 11.1 3.7 455.90 302.8 557.2

The collected X-ray imaging data of copper samples is processed to yield a total pore number
of 117,669, including 22,912 pores in the green sample, 54,739 in the sintered sample, and 40,018
in the HIPed sample. Pore morphology is parameterized for all pores using the approach elaborated
in Section 2.2, with a small portion of the parameterization results shown in Table 2. Based on the
pore morphology database, a statistical analysis is implemented. The porosity of the green, sintered,
and HIPed sample is measured as 37.90%, 3.43%, and 0.89%, respectively. We measured the
density of the samples via the conventional Archimedes method [64] for the sintered and HIPed
samples, and obtained 95.5% and 99.2% of density, respectively. These measurements are
consistent with results from the 3D pore analysis. Fig. 5 (a) shows the evolution of pore size
distribution, which consistently shifts to the smaller side (left) from the green sample to the sintered
and to the HIPed sample. Notably, the green sample features a singular, massive interconnected
void that is shown as a single bar on the far right in the histogram plot. Originating from the pore
network interconnected throughout the entire sample, the giant defect accounts for 35% of the total
pore volume. After sintering, this massive singular defect breaks up into a large number of smaller
pores. We will use the machine learning analysis to further quantify pore decomposition to identify

correlated morphology changes in addition to the volume reduction (Section 4.3).

Fig. 5 (b) plots the distribution of pore number density (calculated as the number of pores per

1 x 1073 mm?) based on cumulative probability to evaluate the randomness of spatial distribution
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for the pores. For randomly distributed pores, the volumetric density distribution should follow

. e Ak . . .
Poisson's distribution P(1) = e* P where k is the number density. When comparing the detected

pore number density (dotted lines) to the Poisson’s distribution (dashed lines), the sintered and
HIPed samples demonstrate good fitting, indicating that pore size distribution in these two samples
is approximately random. The density distribution of the green sample significantly deviates from
the Poisson’s distribution, which is likely due to the influence by the printing trajectory. Fig. 5 (c)
plots the evolution of pore eccentricity, e;, which is defined as the ratio of the longest principal
axis to the equivalent radius. Going from the green to the sintered, and to the HIPed sample, a left-
ward shift of the curve is observed, indicating less eccentric, or more spherical, pore shapes after

post-processing.

Fig. 6 plots and compares the pore orientation distribution of the three samples. The orientation
of each pore is defined as the direction along the longest axis of the ellipsoid. As shown in Fig. 6
(a), the 3D orientation is represented by the altitude angle 8 (the angle of the orientation vector
with respect to the vertical axis or the build direction) and the azimuth angle ¢ (the angle of
projected orientation vector on the horizontal plane with respect to the reference of x axis). A small
altitude angle 0 close to 0° indicates that the pore is vertically orientated, while 8~90° represents
a pore that is flat on the horizontal plane. While the green sample contains a primary interconnected
pore that takes up 35% of the porosity volume, the remaining 65% of porosity is made up of 22,911
separated pores with well-defined orientations. In Fig. 6, we plot the orientation distribution based

on pore number.

The registered data of the altitude angle and azimuth angle is statistically analyzed. Fig. 6 (b)
compares the distribution of the altitude angle 8 among samples at different post-processing stages.
In the green sample, the altitude angle appears to distribute randomly between 90° (i.e., within the
print layers) and 0° (vertical to the print layers), without obvious orientation preference. However,
in both sintered and HIPed samples, it is observed that the pore orientation is more closely aligned
with the printing plane, as evident by the distribution peaks at 90°. The apparent difference of the
pore orientation between the green and the post-processed samples may stem from the particle
rearrangement during sintering, in which more particles fall down and shrink the pores along the
vertical direction. Note that there is no evidence of gravity playing a role in the large-scale

heterogeneity of the pore distributions in the sample. Instead, it is only observed locally that
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particles tend to fall closer vertically than move closer horizontally under the influence of gravity.
This gravity-influenced particle rearrangement has been observed in similar granular systems as
well and is likely to be responsible for the observed anisotropy of pore orientation after sintering
[68]. As a result, the pores are more likely to be flattened out on the horizontal plane with larger
altitude angles. The altitude anisotropy is not significantly altered after the HIP process, which can

be attributed to the application of isotropic pressure.

Fig. 6 (c) displays the orientation distribution in polar plots, where the radial axis represents
the altitude angle, and the circumferential axis represents the azimuth angle. For the sintered and
HIPed samples, the polar plot shows concentration of data points near the edge, which is consistent
with the altitude anisotropy observed in Fig. 6 (b). There are no azimuth orientation preferences in
all samples, which suggests that the printing trajectory direction does not impose a preferred in-

plane orientation to the pores.
4.3. Quantitative pore evolution analysis using machine learning
4.3.1. Principal component analysis

The first step in analyzing global defect evolution is to extract the key morphological
descriptors for the pores. These key morphological descriptors enable quantitative representation
of the pore morphology with reduced dimensions. To implement the PCA analysis, the
morphology data in Table 2 is re-scaled to yield a normalized dataset. This standard procedure
improves the numerical stability and avoids the emphasis on certain variables with extreme values,

and is commonly used [69]. The normalized morphology parameters are shown in Table 3.

The PCA analysis results are shown in Fig. 7. It can be seen that the combination of volume
and eccentricity is of primary importance to PC1 and PC2, which account for 55% and 24% of the
explained variance respectively. Interestingly, PC3 (12% of the explained variance) almost entirely
consists of the altitude angle. This indicates that the inclination angle is uncorrelated with other
morphological features. Overall, decomposition into the first four PCs accounts for 97% of the
explained variance, or morphology differences, of all the registered pores, whereas the generic
principal components represent the morphological features of the pores that stay unchanged during
the post-processing. For the purpose of pore evolution analysis, we focus on the leading PC to
describe the most salient changes. The following analysis is based on the reduced 4-PC

representation.
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Table 3: Pore morphology parameter library

Index Notation Attribute Normalization
1 v Volume logv
2 e Eccentricity 1 a/Vabc
3 em Eccentricity 2 b/Nabc
4 es Eccentricity 3 c¢/Nabc
5 n Compactness VS
6 r Volume ratio v/xyz
7 s Solidity V/Vhuu
8 0 Altitude angle 0

4.3.2. Clustering analysis

After PCA, clustering analysis is implemented in the reduced 4-dimensional PC space using
GMM clustering. To determine the optimal cluster number, such analysis has been performed for
scenarios of various cluster numbers (with cluster number of 1 to 8). The clustering results are
evaluated by two information criteria, AIC and BIC. It is found that the best classification with the
smallest intra-cluster covariance is achieved at the cluster number of 4 as shown in Fig. S3 in the
Supplementary information. In other words, the detected pores in all three binder jetted copper

samples are best categorized into four morphological groups.

For visualization, the clustered data points are plotted in the 3D space spanned by PC1, PC2,
and PC3 in Fig. 8 (a). For the subspace defined by each cluster, the data points at the center of the
subspace represent the typical morphology of the corresponding pore group. Fig. 8 (b) shows the

typical 3D pore morphology for each of the four groups, which can be interpreted as:

* Group 1: quasi-spherical pores. These pores are predominately classified by their small
volume ( 0.32+40.39 x 10* um3 ), low eccentricity ( e;:1.51+ 0.21,e,,:0.97 +
0.10,e,:0.70 £ 0.09), high solidity (0.76 + 0.13), high volume ratio (0.35 + 0.13), and
absence of sharp edges or extrusions. Pores meeting these classification criteria are the most

numerous in the detected samples.
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* Group 2: small elongated pores (volume: 0.97 + 0.41 X 10* ym3) with high solidity
(0.51 £+ 0.13). These pores are characterized by eccentric structures but without significant

extrusions, which results in high solidity.

* Group 3: large elongated pores (volume: 3.61 + 0.52 x 10* um3) with low solidity
(0.36 £+ 0.12). These pores are usually elongated, displaying a lot of extrusions and necking

that result in low solidity.

* Group 4: reticulated defects (volume: 5.56 + 1.58 X 10* um?3, solidity: 0.33 &+ 0.12).
Characterized by a tortuous, network topology, these defects are composed of large packing
voids that are interconnected. The average volume of these defects is larger than that of any

previous group.

4.3.3. Quantitative evolution of the pore morphology

We next use the clustering basis to quantify pore morphology evolution. Figs. 9 (a)-(c) show
the clustering results for the green, sintered, and HIPed samples. Figs. 9 (d) and (e) present the
quantitative evolution with respect to pore number fraction and relative pore volume fraction
(given pore volume/total pore volume). In terms of pore number fraction, Group 1 pores are of the
largest number in all stages (green, sintered, or HIPed), as shown in Fig. 9 (d). In terms of relative
pore volume fraction, however, the weight of each pore group changes significantly during the
post-processing stages, as shown in Fig. 9 (e). We observe a steady reduction of the reticulated
defects (Group 4) throughout the post-processing stages. In the green sample, the reticulated
defects make up over 90% of the relative pore volume fraction, despite being less than 10% of the
pore number fraction. The relative pore volume fraction of the reticulated pores decreases to 42.3%
after the sintering, and further decreases to 20.5% after HIP. The reduction of the reticulated pore
is accompanied by the steady increase of the quasi-spherical pores (Group 1), from 4% relative

volume fraction in the green sample to 25% in the sintered sample, and to 48% in the HIPed sample.

Overall, during post-processing of binder jetting the main source of porosity shifts from Group
4 (>90% relative pore volume fraction in the green sample) to Group 1 pores (48% relative pore
volume fraction in the HIPed sample). On the other hand, the behavior of Group 2 and Group 3

pores is not characterized by a simple trend, involving an increase of number fraction and relative
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volume fraction by the sintering process, and then a decrease of number fraction after the HIP

process.

We have also explored the evolution of pore morphology by tracking the changes of
morphological parameters (Table 3) within each category. We calculate the average of volume v,
solidity s, compactness 7, and the altitude angle 6 within each category, and plot the results in Fig.
10. We observe a general trend that the morphology changes are more significant for the larger
pores in Group 3 and 4, and less obvious for smaller pores in Group 1 and 2. For example, v and
n of Group 3 and 4 pores have steadily decreased during both sintering and HIP, but these
parameters stay almost the same for the smaller pores. The solidity of Group 3 and Group 4 pores
increases during the post-processing from ~ 0.3 (green) to ~ 0.4 (HIPed). For Group 1 pores, the
solidity almost stays the same at a high value of 0.75 during post-processing. We have also
observed a significant increase of the altitude angle in all groups of pores after sintering, suggesting
that all groups of pores become more aligned with the printing plane after sintering. Such
orientation changes are particularly noteworthy for the small pores, i.e., Group 1 and Group 2

pores.
4.4. Discussion: physical insights from data analytics

The data analytical results in 4.3 provide quantitative physical insights into pore evolution
during the post-processing of binder jetting. Initially, the binder infiltrates among the loosely
packed particles, forming large and mostly interconnected gaps. The green sample is observed
with a high porosity of 37.90%, which is predominately a result of these reticulated defects. The
reticulated defects (Group 4) consist of tortuous, interconnected voids, and typically contain
multiple narrow regions among particles in contact. During sintering, neighboring particles form
neck structures at the contacting locations as a result of densification diffusion. The growth of the
neck structure brings the particles closer together with overall pore shrinkage [70]. At the same
time, neck growth of the particle contact can lead to breakup of the interconnected pores and future
decomposition of large pores, resulting in more discontinuous pores that belong to Group 2 and
Group 3. The pore shrinkage and pore breakup explain the increased number and average size of
Group 2 and Group 3 pores after the sintering step, despite the overall shrinkage of pore sizes. It
is also observed that the orientation of the pores favors the horizontal direction after sintering,

indicating that a greater degree of shrinkage occurs along the vertical direction. This anisotropy is
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considered to be a result of particle rearrangement under the influence of gravity during sintering.
These findings are consistent with previous studies based on the 2D characterization of pores [5,

68, 71].

During the final stage of HIP, the pore morphology is observed to favor isolated and
geometrically regular pore classifications (Groups 1 and 2). These results can be explained by the
continuation of particle neck growth via surface diffusion, which is accelerated by the isostatic
pressure during HIP. Intense, isotropic diffusion during HIP introduces future decomposition of
large pores into small pores with high solidity. At the same time, it also smooths the pore shape
and further reduces the pore size. As a result, the solidity continuously increases and eccentricity
decreases during HIP, i.e., pores become steadily smoother and more isotropic. The orientation of
the pores remains largely unchanged during the HIP process, suggesting that gravity is no longer
influential in the presence of isostatic pressure from all directions. At the final stage of pore
evolution, small quasi-spherical pores may shrink below the threshold of uXCT detection or
completely close up, leading to the substantial reduction of pore number at the end the post-

processing. These pore morphology evolution mechanisms are illustrated in Fig. 11.

As compared to previous inspection schemes for AM or post-processing, the presented
approach shows several unique advantages. Firstly, we can efficiently extract the 3D pore
morphology information based on fast 3D data acquisition. The sparse-view acquisition reduces
the scanning time by a factor of 16, while parameterization of automated morphology registration
takes only 10 min for around 105 pores on a single GPU desktop. The revealed 3D analysis results
correctly record the reticulated or interconnected morphology of Group 4 pore, which would be
segmented into isolated intersection areas using 2D projection characterization. This is why the
analysis of Group 4 pores with the complex geometries and low solidity requires 3D
characterization by CT. Secondly, the analyzing approach provides a holistic inspection for a large
quantity of pores, whose morphological properties are described with a comprehensive set of
parameters. As compared to current commercial defect analysis software codes, such as FEI
Avizo[26], and Imagel/Fiji [27, 28], where automated defect analysis can be implemented to yield
a limited number of pore property parameters such as size and location[26,27], our approach
provides a much more complete set of morphological parameters including pore orientation,
surface area, principal lengths, sphericity, aspect ratio, etc. These parameters are more reliable

and efficient to fully describe the static pore morphology and dynamic defect evolution involving
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complex morphology features such as extrusion and necking. In addition, the machine learning
approach identifies the most efficient pore morphology descriptor space with reduced dimensions,
while current software can only implement analysis on pre-defined parameters according to
general criteria. This approach allows us to categorize a large number of pores into different groups
with the most salient morphological differences. Finally, the high-resolution 3D inspection reveals
fine pores after the HIP process, albeit at a final relative density > 99%. The information on these
residual pores is valuable for studying the final stage of pore closure during consolidation in future

material and manufacturing research.

The machine learning method provides a reliable approach to identifying and separating the
varying parameters from the constant parameters, and thus enables the efficient representation of
the most salient changes during the pore evolution. It has proven to be a powerful tool to remove
redundancy in the input data. The success of the analysis, as a result, relies on a comprehensive
input dataset that covers all relevant factors. For example, the presented analysis does not include
the location information in the input dataset, because of the observed uniformity of pore
distribution as illustrated in Fig. 6(a). If heterogeneity becomes important, descriptors such as

height, distance to the surface, shall become necessary and should be included in the dataset.
5. Conclusions and Outlook

To summarize, we have presented a new inspection pipeline to characterize the defect evolution
in post-processing of binder jetting. Through the integration of fast tomography, 3D morphology
analysis and machine learning, we demonstrate a pathway toward efficient acquisition of holistic
defect information and robust morphological representation. The key contributions of this work

include:

* Hierarchical synthesis CNN (convolutional neural networks)-based fast tomography
algorithms yield high-fidelity 3D tomography reconstruction of the defects in macroscopic
volumes, using only a fraction of the typical acquisition time. This has been successfully
demonstrated in the green binder jetted copper sample. Using automated computer vision
involving 3D segmentation and connected region measurement, a total number of ~10° pores
has been registered with their 3D morphological features parameterized to establish a

comprehensive defect library.
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* Using unsupervised machine learning (PCA and GMM clustering), the key morphological
descriptors of the pores are extracted, and the detected pores are effectively categorized into
four morphological groups with distinct features. This allows for quantification of the pore
morphology evolution based on the established descriptors and clusters, which is beyond the
capability of human vision due to the large size of datasets and the complex 3D pore

geometries that span multiple length scales.

* The advanced 3D inspection and data analytics provide new physical insights into pore
evolution during post-processing of binder jetting. It has been revealed that many of the
reticulated pores (Group 4) in the green state break up into small (Group 2) and large
elongated pores (Group 3) during sintering, leading to an increase of the volume fraction and
number fraction of Group 2 and Group 3 pores. The most salient pore morphology change
by HIP includes a significant increase of the volume fraction of the small quasi-spherical
(Group 1) pores due to pressure-accelerated diffusion and overall smoothing of the pore

shape, accompanied by an increase of solidity of Group 3 and Group 4 pores.

For future work, the presented inspection pipeline can be improved in several aspects. The
framework can be validated with porosity data from other established methods, such as that in the
work by Hermanek et al., with which the accuracy and traceability can be quantified [72]. The
code used in this work is available online at https://github.com/Ziling-Wu/HSCNN_Matlab for
data validation in other relevant scenarios. The resolution of the pXCT tomography can be
improved to the sub-pum level, to include small pores and resolve sharp peaks at the boundary of
the pores. More effective deep learning algorithms can be developed for fast tomography to reduce
the data acquisition time. More advanced data analytical tools can be incorporated, e.g., to better

represent the topology of network defects, and to include the potential interaction of adjacent pores.
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Figure 1. Framework of the 3D inspection pipeline for pore evolution in post-processing of additive
manufacturing, including three major components of 1) uXCT data acquisition, 2) 3D morphological and
statistical analysis, and 3) machine learning analysis. GMM stands for Gaussian mixture model.
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Figure 2. Results of the uXCT imaging in 2D representation. Slices of cropped region with different
magnification are shown for the green, sintered, and HIPed samples, respectively.
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Figure 3. Results of the uXCT and pore extraction. 3D volumetric renderings are shown at three different
scales for (1* row) raw uXCT reconstruction, (2" row) raw reconstruction with embedded pores in red and
(3" row) extracted pores only, respectively. (a) The green sample.
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(b)

(b) The sintered sample.
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(c) The HIPed sample.
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Figure 4. Fast tomography reconstruction for the green sample. The left column figures ((a), (d), (g))
represent the sparse-view reconstruction results. The middle column figures ((b), (e), (h)) represent the
ground truth from the full-scan reconstruction. The right column figures ((c), (f), (i)) represent the high-
fidelity reconstruction through deep learning based on sparse-view reconstruction. The 1%, 2™, and 3" row
show the original gray-scale reconstruction results, the corresponding segmentation results, and the
corresponding pore extraction results, respectively.

26



x10°

@ — —— 4 :
Il green Il green
0.06 | I sintered 1 I sintered
[IHIPed 3l [IHIPed
c
:
= 0.04 1 g
£ 2
> K]
.g 0.021 ) g
o ‘ o
o !
!
0 -‘-A-lu.l.l.l-u. - - " " "
10° 10" 10° 10* 10° 10° 10" 10° 10° 10" 10%® 10* 10° 10° 107 108

Pore size (um?) Pore size (um?)

1 P57 s e aa 0.12
% ,’f’. o —e—green
0.8 /./ /.’,'/', 01 —o—sintered | |
2 / /¥ HiPed
E 06" J ,‘(’ a 0.08
g v / .74 =
(]
5 N T 0.06
g 0 4 ’,' ,l 9 x
s v/ —e—green ®004t
= I g —e—sintered
E 02 ','f,-",'," HIPed 53 q
o s - .
0 ‘ \(Wg
0 5 10 15 0 : . . g
1 1.5 2 25 3
Number of pores per 0.001 mm3 Eccentricity

Figure 5. Statistical analysis results for the pores in the green, sintered and HIPed samples respectively. (a)
The porosity fraction distribution of pore size (represented by the pore volume). Note that the singularity
peak on the right represents a large interconnected pore in the green sample. Also shown is a ‘zoom-in’
view of the porosity fraction distribution without the singularity peak. (b) Cumulative probability
distribution of the pore number density. (c) Probability distribution of eccentricity.
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Figure 6. Orientation distribution of the pores in the three samples. (a) Definition of the azimuth angle ¢
and the altitude angle 6. (b) Probability distribution of the altitude angle 6. (c) Orientation distribution in
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Figure 8. Clustering analysis results. (a) Four identified pore groups shown in the three-dimensional PC
domain. (b) Examples of representative pores in each group.
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