www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Non-destructive detection
of critical defects in additive
manufacturing

Shaharyar Baig*?, Alireza Jam'+?, Stefano Beretta'>3, Shuai Shao? & Nima Shamsaei%?"*
Non-destructive examination (NDE) based structural integrity assessment of additively manufactured
(AM) metallic parts depends on the reliable detection of volumetric defects and the accurate
representation of their detrimental features. Failure to detect critical defects and their features during
NDE can result in dangerous non-conservativeness in fatigue design and part qualification, leading to
dire engineering consequences. This work highlights an often overlooked property of X-ray computed
tomography (XCT) in prevailing NDE practices, i.e., the dependence of the XCT efficacy on the shape
of defects within a population, which can manifest in both the probability of their detection and the
errors in characterizing their features. By examining an identical material volume of laser powder bed
fused AlISi10Mg with XCT at different combinations of voxel size and coupon geometry, it is shown that
the performance of XCT deteriorates more significantly for irregular-shaped defects, since their fine
features tend to be lost. An approach to recover some important feature information of these irregular
defects, such as size, using a distance-based criterion is proposed and is shown to enhance the sizing
accuracy of these defects.

Volumetric defects, such as lack-of-fusions (LoFs), gas entrapped pores (GEPs), and keyholes (KHs), are
well known be detrimental to the fatigue resistance of certain additively manufactured (AM) alloys, such as
AlSi10Mg, Ti-6A1-4V, and 17-4 PH stainless steel, etc!~. These defects are sites of stress concentration and,
under cyclic loading, can result in accelerated fatigue crack initiation®. Accordingly, any variations in their
characteristics that affect the stress concentration, such as size, shape, and location, can impact the extent of
such acceleration and introduce significant uncertainty in the fatigue behavior of AM parts”®. Therefore, non-
destructive examination (NDE) techniques that can accurately reveal the internal defect structure within the
parts can provide valuable information regarding their quality and are highly desirable’~!!. With accurate defect-
sensitive fatigue models, such defect information can be used to indicate the life of AM parts under service loads
and accelerate their qualification by reducing the need for extensive campaigns of destructive testing at both
coupon and part scales'>13,

Among various NDE techniques, X-ray computed tomography (XCT) stands out due to its unique ability
to detect volumetric defect features at micrometer and sub-micrometer levels of physical resolution!®1°.
Nevertheless, XCT is relatively time consuming and, due to constrains imposed by the X-ray attenuation within
materials and the pixel count of the optical sensors, is well known to suffer from the tradeoff between resolution
and the scanned volume'®. Generally, fine physical features are more challenging to be resolved in a larger part,
because each voxel must register larger spatial volume for larger format scans and the X-ray attenuation is
more severe in thicker materials, deteriorating the signal-to-noise ratio!*!”-!8, While employing higher voltage
sources can increase X-ray transmittance, it does not necessarily improve resolution, since the X-ray beam spot
size typically increases with increasing voltage which adversely affects imaging quality!”. Accordingly, in an
industrial setting, where large quantities of AM parts (likely large in size) need to be scanned in limited time, the
resolution achieved by the XCT scans is often not ideal.

At a reduced scan resolution, the imaging contrast of fine geometrical features whose size approaches or falls
below the size of a voxel may become indistinguishable from that of the noise, leading to detection failures'.
These geometries can be the entirety of small GEP (see Fig. 1a) or parts of a larger defect, such as the thin
webbings in a LoF (see Fig. 1b). This implies that the probability of detection (POD) of defects, especially small
ones, therefore markedly declines with the decreasing resolution. Large defects, although their POD may be
less sensitive to resolution, can be significantly misrepresented by XCT scans at low resolutions, depending on
their shape?®. However, KHs are near spherical, generally lack features that extend far from their bulks®!, and
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Decreasing scan resolution

Fig. 1. The influence of XCT scanning resolution on the detected morphology of various types of defects. The
defect types shown are: (a) GEP, (b) LoF consisting of thin webbings extending out of a single bulky region, (c)
KH, and (d) LoF with less bulky features.

can be captured by the low-resolution scans with good reliability if they are several times larger than a voxel
(see Fig. 1c). On the other hand, LoFs are irregularly shaped and typically comprise thicker, bulkier regions and
thin webbings (see Fig. 1b). At reduced resolutions, while the bulkier regions can still be captured by the scans,
the thin webbings tend to be missed. As a result, a large LoF defect may appear as one or a few smaller defects
and, accordingly, its size can be severely underestimated??. In some extreme cases, LoFs appear as only a few
disconnected, globular features and are missed by the scans altogether (see Fig. 1d).

As such, the efficacy of an XCT system in detecting volumetric defects, i.e., the POD, and in determining
their sizes and other geometrical features, i.e., feature errors, can be significantly dictated by the shapes of defects
within their population?>-%’. This study aims to evaluate the quality of XCT scans by quantifying the POD and
the feature errors with differentiating defects’ geometry. Moreover, it devises a methodology to improve the
accuracy of lower-quality scans in estimating the size of volumetric defects, especially larger LoFs. The focus of
this study is on the characterization of process-induced volumetric defects which are inherently challenging to
avoid due to the nature of the AM process, even in machined parts free of any surface anomalies. Different levels
of scan quality are achieved by XCT scanning an identical, laser powder bed fused (L-PBF) AlSil0Mg material
volume multiple times at different coupon diameters (10, 6, and 3 mm) and voxel sizes (10.8, 6.4 and 3.4 um) in
a factorial experiment. The AlSi10Mg coupon is fabricated with a set of process parameters to induce all three
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types of volumetric defects, i.e., LoFs, GEPs, and KHs. The examination of the identical material volume permits
the true one-to-one comparison of the same volumetric defects across different acquisition conditions. It is
shown that both POD and feature errors are indeed significantly influenced by the types of defects within the
material volume. Although the finer features of a LoF, i.e., webbings, tend to be lost as the scan quality reduces,
certain critical information, such as its size, can be partially recovered as long as a few of its bulkier regions can
be captured and identified by applying a distance-based criterion, established in this research.

Results

Assessing the quality of XCT scans—probability of detection (POD)

Conventionally, the quality of an XCT scan is quantified by the POD of a defect as a function of some measure
of the defect’s size, regardless of its shape?®. The POD is obtained from the hit/miss defect analysis performed
on a sample whose ground truth information about its defect population is known and is typically presented as
a sigmoid POD curve?*. The hit/miss analysis was performed using a defect detection algorithm that enabled
one-to-one matching of defects between the low-resolution scans and the ground truth. A defect was flagged as
a hit if it was detected within the bounding box volume of the ground truth defect; otherwise, it was flagged as
a miss if no detection occurred. The POD curves for all defects, regardless of their geometry, along with their
95% confidence intervals are shown in Fig. 2 in black lines and gray shades for the XCT scans performed on
the AlSil0Mg coupon at different permutations of voxel sizes and coupon diameters. The permutations are
designated by the convention “voxel size-coupon size’, e.g., 3 um-6 mm represents a 3.4 pm-voxel scan on a
6 mm-diameter coupon. The /area parameter was selected to represent defects’ size since it has been shown
to correlate well with fatigue criticality?>!. In this work, the projection plane for the size measurements was
selected to be the one perpendicular to the build direction. To avoid false detection of volumetric defects from
noise, the decision threshold was set to a y/area = 2 voxels, i.e., any defects that appeared smaller than this size
are flagged “missed” (see Fig. S3 in Supplemental Materials showing the effect of noise threshold on POD). In
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Fig. 2. (a-f) POD curves for various voxel/coupon size scans and for different defect classes based on their
sphericity values, and (g-i) visualization of the largest undetected, 50% POD defect /area and smallest
detected defects in the 10 um-10 mm scan.
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the case of multiple small features of a large LoF being detected, a positive detection was registered if at least one
feature exceeded the decision threshold size. Additionally, the sizes of all the missed and detected defects are
shown in this figure as markers on the lines of POD = 0 and POD = 1, respectively. It should be noted that, with
the 3 um-3 mm scan as the ground truth, all of the defects were detected in the 3 pm-6 mm and 3 um-10 mm
scans; in these cases, the POD curves appear as vertical lines at y/area = 6 pm and are therefore not presented
here.

The figure shows that and the POD curve clearly shifted towards larger /area with increasing voxel size
(compare the black curves in Fig. 2a—c with the ones in Fig. 2d-f). Moreover, the coupon size also have influenced
the POD, with larger coupons having right-shifted POD curves'. In addition to the POD itself, the uncertainty
of the POD (represented by the width of the confidence bands shown by the shaded regions) also increased
with voxel size and coupon diameter. The ground truth of the largest missed and smallest detected defects for
each voxel/coupon size combination is also visualized in each panel, with arrows pointing the corresponding
datapoints to the defect’s visual representation, and their reported +/areas. Evidently, the largest undetected
defect was always a LoF and the smallest detected one was always spherical (could be a KH or GEP) in all scans,
and the former were always significantly larger than the latter. For instance, the largest undetected defect in
the 10 pm-10 mm scan was a LoF and had a y/area = 95 pm; the smallest detected one in the same scan was
near-spherical and had a \/area = 38 um. The stark contrast between the size of the largest undetected/smallest
detected defects suggested that the POD depends on the shape of the defects and should be quantified separately
for each defect type2.

To further elucidate how the defects’ shape may affect POD, the defects were divided into two categories
according to their type, i.e., near-spherical (comprising KHs and GEPs with sphericity values >0.7) and irregular
(comprising LoFs only with sphericity values < 0.7)?. The classification of defects into KHs, GEPs, and LoFs was
achieved following the automatic approach set forth by the authors’ prior work and was verified by manually
inspecting the classified defects to ensure they were appropriately assigned to their respective classes*’. The
two additional POD curves of near-spherical and irregular defects for each set of acquisition parameters are
presented in Fig. 2 in green and blue with shades of the corresponding colors. For defects of size up to ~ 10
voxels, it appeared that the POD for irregular defects (blue curves) was lower than those for near-spherical
ones (green curves) and when considering all defects in the scan volume indiscriminately (black curves). In
addition, the gently sloping POD curves of the irregular defects also implied that the POD gradually improves
with an increase in the defect size. This was opposed to the behavior of the near-spherical defects gaining high
detectability once their size approached the decision threshold, which was set as \/area > 2 voxels in this
study. The observation held true for all the acquisition parameters investigated in this study and was more
pronounced at the 10 pm voxel size and for the 10 mm coupon diameter, as observed in Fig. 2c—f. Furthermore,
the uncertainties associated with the POD of near-spherical defects were significantly lower than the irregular
ones and remained relatively unchanged with an increase in voxel/coupon size (compare the widths of the green
and blue shades in Fig. 2).

The shallower and more uncertain POD curves of LoFs than those of near-spherical defects (including
GEPs and KHs) originated from the strong variability of LoFs’ shape®. On one hand, some LoFs comprised
only thin features, which tended to be lost with the deteriorating imaging quality which was the case for the
largest undetected defects in all acquisition conditions (see the ones visualized in each panel of Fig. 2c-f). As an
example, the appearances of one of such LoFs (i.e., the largest undetected defect in the 10 um-10 mm scan) in
the 3 um-3 mm (ground truth), 6 ym-6 mm, and 10 pm-10 mm scans, are visualized in Fig. 2g alongside the
corresponding gray scale images. It is evident from the figure that, as the resolution reduces, the fine features
of this serpentine shaped defect became gradually indistinguishable from noise, such that in the 10 um-10 mm
scan only a cluster of small entities could be segmented. Since all of them fell below the decision threshold (i.e.,
2 voxels), the defect was recorded as undetected.

On the other hand, some LoFs contained at least one bulky region and, despite the loss of thin webbing to
reduced scan resolutions, could still be relatively reliably detected (see the smallest detected LoFs visualized in
Fig. 2¢c-f). One example of this case (i.e., a defect of a \/area equivalent to 50% POD in the 10 um-10 mm
scan) is illustrated in Fig. 2h, following the format used for Fig. 2g. In contrast, near-spherical defects generally
lacked thin features and could be detected as long as the size of the segmented objects is above the decision
threshold of 2 voxels (see Fig. 2i, which shows the smallest detected defect in the 10 um-10 mm scan). The POD
of a near-spherical defect was influenced by both the morphology of the defects and the level of noise within the
images. Larger, more spherical defects could be reliably detected, even in the lower-resolution scans. For smaller
defects whose shape deviated from a sphere and had +/areas approaching the decision threshold, the POD was
impacted by the image noise more significantly, as the quality of XCT scans degraded.

Assessing the quality of XCT scans—feature errors
While the quantification of the POD presents valuable information regarding the reliability of the XCT
examination in detecting a defect of a given size, it does not account for the errors in the measurements of their
features, such as size'®3°. Depending on the acquisition parameters used for the XCT inspection, the detected
features may vary drastically for the same defects, resulting in large errors in the feature measurements'®. This
could be due to several factors such as the loss of information as the voxel size increases and the lower signal-
to-noise ratio as the part size increases which may result in fine features not being captured fully”’. As a result of
the lost fine features, defect populations acquired with lower resolutions typically contained smaller and rounder
defects when compared to the ground truth, as shown in the sphericity versus /area plots presented in Figs. S1
and S2 of the Supplemental Material.

The measured versus ground truth +/area for the various scans performed with different acquisition
parameters are plotted in Fig. 3. Note, again, that the 3 um-3 mm scan was used as the ground truth. Here, the
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Fig. 3. Measured versus true /area for all matched defects across various voxel/coupon size scans. The true
size was obtained from the 3 pm-3 mm scan.
measured areas were calculated by summing up the areas of all the entities detected inside the bounding box
of the corresponding ground truth defect. The black diagonal line in the figures represents the 1:1 identity. The
defects that were not detected by XCT scans, i.e., the missed ones presented in Fig. 2, correspond to “0” /area
and are shown with the red markers on the horizontal axis. The measured sizes appeared to be strongly affected
by the voxel size. For instance, the scans with 3 um voxel (i.e., the same voxel size as the 3 pm-3 mm ground
truth scan) measured the \/area with the highest fidelity. As the voxel size increased to 6 um, the /area was
underestimated for most defects. The irregular defects with low sphericity values appeared to be underestimated
more significantly than the near-spherical. Interestingly, increasing the voxel size to 10 um only worsened the
underestimation for the irregular defects further and did not significantly affect the sizing errors for the near-
spherical ones. Moreover, some influence of the part size on the measured +/area was also observed, especially
at the largest coupon sizes of 10 mm where the errors were more pronounced for voxel sizes of 6 and 10 pum.
The appearances of one near-spherical and one irregular defect, the latter’s size tends to be consistently
underestimated by XCT scans, with all acquisition parameters are visualized in each panel of Fig. 3, and their
appearance in the ground truth scan are provided in upper left of the figure. The near-spherical defect, whose size
was measured to be close to the ground truth size and remained relatively unchanged with changes in acquisition
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parameters, showed a round morphology in all scans. This defect had a local thickness of ~50 um, lacked any
features extending from its spherical core region, and was reliably captured in XCT scans at all resolutions.

In contrast, the LoF consisted of thin webbings (shown in blue in the top left panel of Fig. 3) extending out
of a bulkier region (shown in yellow). In this case, the local thickness of the defect had a significant influence on
the detectability of its features in the lower-resolution scans. For instance, in the 3 um-6 mm and 3 pm-10 mm
scans, all features of the defect were detected including the thin webbed regions, which resulted in the measured

varea being in close agreement with the ground truth. However, as the voxel size increased to 6 pum, some
features with low thickness values could not be captured. At the voxel size of 10 pm, a significant portion of the
LoF could not be captured, and only the bulky core region was detected resulting in a severe underestimation
of the defect size. Moreover, the loss of feature information for the LoF was further exacerbated by an increase
in coupon size, and the most severe underestimation was seen for the 10 mm coupon size at both 6 and 10 um
voxel sizes.

Reducing feature errors—applying distance criterion

The sizing error in \/area was the most significant for the irregular defects (i.e., the LoFs), which stemmed
from their fine features being missed due to the resolution limitations. Although the thin webbings could not
be detected and the LoFs appeared as a cluster of entities at reduced resolutions, the convex hull constructed
around these entities should better represent the \/area of the LoF, if the registry of these entities to the LoF
defect could be established. Based on this understanding, a procedure, “polygonization approach”, was devised to
reduce the sizing error of irregular defects. The procedure began with identifying a few (approximately 20) larger
and more critical LoFs from the ground truth whose appearance changed to at least two isolated, small entities
in the lower-resolution scans. Figure 4 illustrates the proposed polygonization procedure using one LoF as an
example. For each LoF at each resolution (see Fig. 4a,b), the largest pairwise, centroidal distance (d) among the
entities was measured. Then, at each resolution, the greatest d value calculated for the limited number of LoFs
(~20) was set as the distance threshold (Fig. 4c). This threshold was used to examine all clusters of small entities
detected at that resolution to determine if they belonged to the same large LoFs by blindly applying to the entire
dataset for the low-resolution scan (Fig. 4d). With this approach, the recovery of critical defect information from
scans on relatively large parts, whose resolution is often less than ideal, may be possible as long as the threshold
distances for the volumetric defects in the same material with increasing part size and voxel size is established
based on limited ground truth information.

The measured versus. true +/area plots are presented in Fig. 5, after applying the distance criterion to
construct the convex hull using the bounding boxes of the clustered entities and recalculating the +/areas.
In addition, the number of defects with two or more bulky regions (Poly) in the low-resolution scans, which
the polygonization approach was able to improve the sizing accuracy for, are reported in the bottom right side
of each panel along with the number of defects which only had singular bulky regions (Single), The measured
values appeared to significantly improve, especially for the larger defects, despite the size for some defects being
overestimated. The overestimation was acceptable as they would lead to a more conservative assessment of the
fatigue resistance.

To further understand the effectiveness of the proposed polygonization approach in improving the /area
measurements for various irregular defects, three representative LoFs were selected for further examination.
The markers for the three defects have been numbered in Fig. 5 for easy comparison. The 3D renderings of

(a) Ground truth (b) Low resolution  (c) Image registration (d) Polygonization
approach

VareQeotal=

Fig. 4. (a) Ground truth defect, (b) corresponding entities detected in the low resolution scans, (c)
defect matching between the ground truth and low resolution scan based on the bounding boxes, and (d)
polygonization approach considering the area in between the defects.
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Fig. 5. Measured versus true /area considering the distances between neighboring defects and applying
polygonization procedure for any defects within the distance thresholds. The number of defects with two or
more bulky regions (Poly) are also listed along with the number of unmodified defects with singular bulky
regions (Single). The true size was obtained from the 3 um-3 mm scan.

the defects are presented in Fig. 5, with the ground truth shown in the top left of the figure and the detected
morphologies for each acquisition parameter visualized on the measured versus true +/area plots. For Defect
1, which was the largest defect in the dataset and whose size was underestimated in the 6 um and 10 pm scans
(see Fig. 3), applying the polygonization procedure improved the measured \/area, resulting in significantly
reduced errors (Fig. 5) and, in some cases, slight overestimation into conservativeness. As the scan resolution
decreased with an increase in the voxel size from 3 um to 6 um and 10 pm and with an increase in coupon
size from 3 mm to 6 mm and 10 mm, Defect 1 “disintegrated” into a cluster of a large and a small entity. Since
both could be consistently detected in all acquisition conditions, Defect 1’s y/area was adequately captured by
constructing the convex hull around the bounding boxes of these entities.

In contrast, for Defects 2 and 3, the polygonization procedure was only effective in some of the scans. This
included all scans conducted at the 6 um voxel size and the 10 um-6 mm scan for Defect 2, and 6 um-3 mm,
6 um-6 mm, 10 pm-3 mm and 10 pum-6 mm scans for Defect 3. As is evident in the ground truth images
in Fig. 5, Defects 2 and 3 each contains only one bulky region and some thinner webbed features. In certain
acquisition conditions of reduced resolution, the webbed features were lost and only the singular bulky region
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of each defect was detected, which was insufficient for the convex hull to be constructed. Indeed, the acquisition
conditions where the procedure showed improvement in the measured \/area were the ones that successfully
captured multiple entities for each defect. For example, defect 2 saw a large improvement in the measured
vareas for most scan parameters and was captured as 3 separate entities in all of 6 um voxel size scans and
in the 10 um-6 mm scans. However, only the bulky region of the defect was detected in the 10 pm-3 mm
and 10 um-10 mm. This could be attributed to the 10 um-3 mm scan having a higher transmittance than the
10 pm-6 mm and 10 pm-10 mm scans which resulted in a lower contrast for defects closer to the specimen
surface, which was the case for Defect 2 (see Fig. S4f-j) in the Supplemental Material)*. In addition, for the
larger coupon diameters, the more severe attenuation of photons resulted in a poor signal-to-noise ratio and can
explain the graininess and loss of features in the 10 um-10 mm XCT images (see Fig. S4f-j in the Supplemental
Material).

Discussion

This work demonstrated that the efficacy of XCT on AM parts and how it can degrade with deteriorating imaging
conditions, such as increasing voxel size and/or part thickness, significantly depend on geometries of defects
within their population. The efficacy not only manifests in the probability of detecting volumetric defects (see
“Assessing the quality of XCT scans—probability of detection (POD)” Section) and but also in the accuracy in
assessing defect features, such as size (see “Assessing the quality of XCT scans—feature errors” Section). While
its general reducing trend with poorer imaging conditions is unavoidable and somewhat expected, the sensitivity
of XCT scan’s performance to the defect geometry has not been well known. The latter can negatively impact
the outcome of the prevailing industrial practice of NDE based structural integrity assessment on AM parts,
which does not emphasize on the effect of defects’ shape?>~2”-°. Taking damage tolerant fatigue approaches for
example, they estimate service life of a part by integrating crack growth laws from the initial crack size to the
final crack size at fracture?*?#4041_ They always assume the presence of life limiting flaws within the materials
and, for the initial crack size, use the detection limit of the NDE technique on the part/material combination
of interest determined from the POD (e.g., defect size corresponding to 90% POD at a confidence level of 95%,
see Fig. 2) even if no defects could be detected*”*2. If the POD of an XCT system has been measured from an
artifact predominantly containing near-spherical defects, such as KHs and GEPs, the calculated detection limit
would be an underestimation if the part of interest contains predominantly LoFs. Since fatigue cracks’ growth
rate are much slower when they are short, such an underestimation in the initial crack size would significantly
overestimate the part life, leading to dangerous, severely non-conservativeness in design®>*%,

If defects can be detected, on the other hand, assessing the structural integrity of AM parts via NDE hinges
upon whether key attributes of the most detrimental defects can be accurately registered**>. While the accuracy
of XCT in capturing the size of the near-spherical defects has been shown adequate and is not strongly impacted
by the imaging condition, as long as the defects can be detected, the sizing accuracy of XCT for LoFs deteriorates
significantly with reducing imaging quality. Specifically, with only the smaller, bulkier regions captured, the
size of the LoFs is underestimated, leading to overestimations of parts’ service life by, for example, the damage
tolerant fatigue approaches.

Recognizing the characteristics of a LoF often comprising more than one bulkier region which can be more
reliably detected by XCT scans of reduced resolution (see Figs. 1 and 5), this work demonstrates that its size can
be well represented by that of the convex hull constructed around these isolated regions, as long as their registry
to the LoF can be established. With a set of threshold distance criteria to establish such registry, the overall sizing
accuracy of XCT scans of reduced resolution for volumetric defects, especially the LoFs, has been shown to
improve. Note that, given its working principle, this methodology is only effective for defects with a combination
of a few bulky regions connected by thin features, e.g., large LoFs, and does not reduce sizing errors for defects
with singular bulky features, e.g., KHs, GEPs, and smaller defects, or the ones without any bulkier regions, e.g.,
very small LoFs. In addition, it is a possibility that the procedure may combine two small spherical defects and
consider them as a slightly larger entity if they fall within the distance thresholds, since it is not possible to
distinguish between defects with a singular bulky region and a LoF with several bulky region in low resolution
grayscale absorption images. Nevertheless, since the sizing error for the near-spherical defects is typically small
and the small LoFs are typically not fatigue critical, the proposed approach is still expected to substantially
benefit NDE based structural integrity assessment for AM parts despite these exceptions.

The proposed polygonization approach can help improve the compromised resolution of XCT imposed by
part size, a challenge faced by many industrial radiographers. Specifically, important information regarding the
critical defects’ size in a relatively large AM part can be recovered from lower-resolution scans by understanding
how defects’ geometrical features are lost as scan resolution reduces. With a material sample excised from a
similar part, this information and the threshold distance criteria can be obtained by XCT scans performed on
the same material volume but at successively reducing coupon and voxel sizes.

Overall, although the results presented in this work, such as the POD curves and sizing error data, can
potentially vary with material and acquisition setup, which affects the X-ray’s attenuation and the resulting
signal-to-noise ratio, the conclusions drawn should remain qualitatively valid for other AM materials/
conditions. Specifically, process-induced volumetric defects such as KHs, GEPs, and LoFs are inherently present
and characteristic of many families of AM metallic materials. Therefore, the importance in the consideration of
the shape of volumetric defects within the industrial practice of NDE for AM parts highlighted in this work and
proposed approach to improve the defects’ sizing accuracy is expected to be applicable to many combinations of
materials, fabrication techniques, and XCT imaging conditions.

In summary, this work investigated the influence of XCT acquisition parameters on the POD and feature
errors with differentiating defect’s geometry. Based on the results, the following conclusions were drawn:
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o The POD for volumetric defects was significantly influenced by the shape of the defect. While near-spher-
ical pores could be detected reliably across various XCT scanning conditions investigated in this study, the
variability in the shape of LoFs resulted in a greater degree of uncertainty in their detection with worsening
imaging quality.

o XCT accuracy in capturing defect features significantly deteriorated at reduced scan resolutions for LoFs due
to aloss of information. This was attributed to the complex morphologies of LoFs which consisted of multiple
bulky and webbed regions, with the latter having the most information loss associated with them. In contrast,
the feature errors were relatively smaller for small LoFs, GEPs and KHs, which consisted of single bulky re-
gions which could be adequately captured across various XCT scan resolutions.

o Itis possible to recover some information from low resolution XCT scans for large critical LoFs with two or
more bulky regions. By using a distance-based criterion to interpolate in between the bulky regions, the defect
geometry could be reconstructed, allowing for enhanced sizing accuracy.

Methods

Fabrication and XCT scanning procedures

A cylindrical AlSil0Mg coupon (11 mm in diameter and ~45 mm in length) was fabricated on Renishaw
RenAM500Q laser powder bed fusion system. Argon-atomized AlSil0Mg powder supplied by Renishaw was
used as the feedstock and the quad-laser strategy working in a stripe pattern was adopted for fabrication. The
recommended process parameters were employed which were able to induce LoFs, GEPs and KHs throughout
the volume of the coupon. Post fabrication, the coupon was machined to a 10 mm diameter to remove any surface
anomalies and to examine the internal porosity. The 10 mm coupon was XCT scanned at three different voxel
sizes following the procedures described below. Afterwards, the coupon was further machined to diameters of 6
and 3 mm, and the scanning procedures were repeated according to the methodology described below at each
step of the machining.

The XCT scans were performed using a Zeiss Xradia 620 Versa system. A total of 9 scans were conducted
for various combinations of voxel/coupon sizes as presented in Fig. 6. Three different voxel sizes of 3.4, 6.3 and
10.8 pm were used to scan the coupon after each step of machining. These voxel and coupon size selections were
made to ensure high quality imaging of the defect features found in L-PBF AlSi10Mg, while also considering
certain constraints presented by scanning large AM components where the voxel size-part size tradeoff can make
it necessary to scan AM parts at less than ideal resolutions in industrial settings. The voxel size was adjusted
between the 6.3 and 10.8 um by changing the source-to-sample-to-detector distances while keeping the objective
lens of 0.4X identical. A lens of higher optical magnification of 4X was used for the 3.4 pm voxel size. For all the
scans, a total number of 1600 projections were taken to maximize the likelihood of achieving the highest contrast
view of the defects within a reasonable scan time. The transmittance for all scans was kept>15%, while also
considering the scan quality and the time to obtain high quality XCT images. The voxel size used in the “voxel
size-coupon size” naming convention for the acquisition parameters was simplified by truncating the digits after
the dot. For example, 6 um-10 mm denoted the scan with the 6.3 um actual voxel size, etc.

0=10,6,3 mm
. &
Source Aperture Specimen Objective
and filter and detector

Specimen size  Voxel size=10.8 pm  Voxel size=6.3 pm  Voxel size=3.4 pm

Voltage=70 kV

Voltage=80 kV

Voltage=100 kV

Power=8.5 W Power=10 W Power=14 W
10 mm Time=2h Time=3h Time=9h
Obj=0.4x Obj=0.4x Obj=4x
Transmit=22 % Transmit=26 % Transmit= 29%
Voltage=60 kV Voltage=70 kV Voltage=100 kV
Power=6.5 W Power=8.5 W Power=14 W
6 mm Time=2.5h Time=3h Time=9h
Obj=0.4x Obj=0.4x Obj=4x
Transmit=28 % Transmit=33 % Transmit=39 %
Voltage=60 kV Voltage=60 kV Voltage=100 kV
Power=6.5 W Power=6.5 W Power=14 W
3 mm Time=2h Time=3h Time=7h
Obj=0.4x Obj=0.4x Obj=4x

Transmit=45 %

Transmit=46 %

Transmit=52 %

Fig. 6. Schematic of the XCT set-up and the acquisition parameters for the various scans conducted in this

study. The 3 mm coupon size scanned at a voxel size of 3.4 um was considered as the ‘ground truth’
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Fig. 7. Flowchart showing the procedure for XCT image processing, defect feature extraction and matching
with the “ground truth” dataset for the POD and feature error analysis.

XCT post-processing, POD, and feature error analysis

The XCT projections were reconstructed in the Zeiss Reconstructor software. Following reconstruction, the
images were segmented using Otsu thresholding to extract the defect features from the background material.
All thresholded images were manually inspected to ensure the defect features were sufficiently captured. The
binarized images were further processed in ORS Dragonfly software by despeckling and ensuring any CT image
artifacts were removed for the porosity analysis. The 3D defects were labeled and several defect features including
the volume, projected area, surface area, bounding box coordinates and centroid coordinates were obtained. A
summary of the workflow is presented in Fig. 7 showing the methodology followed in this study for the POD
and feature error analysis.

The various scans were aligned with the ‘ground truth’ dataset by translating, tilting, rotating and overlaying
them on to the ‘ground truth’ scan so they occupied the same reference coordinate system. Defect centroids in
the lower-resolution scans were then identified within the bounding box volume of the corresponding ‘ground
truth’ defects. The hit/miss POD analysis followed guidelines from ASTM E2862 and MIL-HDBK-1823 A2%46,
Since the objectives of this study pertained to the identification of defect features critical to fatigue loading
scenarios, the projected /area was selected as the size parameter for further analysis. In this work, the plane
perpendicular to the build direction was selected as the projection plane. To quantify the POD, a defect was
classified as a hit if it was detected within the bounding box of the ‘ground truth’ defect and, as a miss if no
detection occurred within that bounding box. The hit/miss responses were plotted against the ‘ground truth’
defect sizes, with the miss data being assigned a POD of 0 and the hit data being assigned a POD of 1. The
probit link function was used to generate the sigmoid POD curve and to obtain the probabilities from the binary
outcomes, which is defined as follows:

Probit (POD (a)) = ® ~' (POD (a)) # (1)

where @ is the cumulative standard normal distribution and POD(a) is the probability of detection function
with respect to size, a, of the defect.

The feature errors were analyzed by comparing various size features such as the volume, surface area and
vareas between the low-resolution defect and the corresponding ‘ground truth’ defect. This allowed the
measured +/area versus true /area plots to be constructed?’. In addition, it was observed that some of the
lack of fusion defects appeared as a cluster of entities in the corresponding lower-resolution scans. This was a
consequence of spatial resolution limitations, where the thin sections of the defects could not be resolved in the
XCT images leading to multiple entities being detected, that belonged to the same defect as informed by the
‘ground truth’ scan. To address this and recover some of the lost information, a polygonization approach was
proposed to estimate the area in between the cluster of defects that belonged to the same defect. The procedure
involved calculating the distances between the pairwise entities in the low resolution scans and establishing a
distance criterion to identify which entities were part of the same defect. The criterion for each resolution, was
used to construct a convex hull using the bounding box coordinates of the clustered entities, allowing for the
calculation of the projected areas as illustrated in Fig. 7.

Data availability

The XCT data are available under restricted access for having large size in the order of TBs, which cannot be
stored or transferred on commonly available data sharing platforms. Access can be obtained by requesting from
the corresponding author.
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Co

de availability

Defect properties were extracted from XCT using ImageJ and Dragonfly Pro. Analysis of the results was per-
formed using codes which can be accessed at https://doi.org/10.5281/zenodo.14510581.
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