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Abstract

Additive manufacturing of alloys enables low-volume production of functional

metallic components with complex geometries. Ultrasonic testing can ensure the

quality of these components and detect typical defects generated during laser pow-

der bed fusion (LPBF). However, it is difficult to find a single ultrasonic inspection

technique that can detect defects in the large variety of geometries generated us-

ing LPBF. In this work, phased array ultrasonic testing (PAUT) is suggested to

inspect thick LPBF components, while guided waves are explored for thin curved

ones. PAUT is used to detect cylindrical lack of fusion defects in thick LPBF

rectangular parts. Practical defects are generated by reducing the laser power at

prespecified locations in the samples. The defects’ shape and density are verified

using optical microscopy and X-ray computed tomography. Partially fused defects

down to 0.25 mm in diameter are experimentally detected using a 10 MHz PAUT

probe with the total focusing method post-processing. The experimental results
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are compared to defect images predicted by finite element simulations. For thin

components with curved geometry, guided waves are used to detect powder-filled

cylindrical defects. The waves are generated using piezoelectric transducers, and

the spatiotemporal wavefield is measured using a scanning laser Doppler vibrom-

eter. Using root-mean-square imaging of the wavefield, defects down to 1 mm are

clearly detected despite the complex internal features in the samples.

Keywords: Additive Manufacturing, non-destructive testing, ultrasonic phased

arrays, laser Doppler vibrometry, guided waves
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1. Introduction

Additive manufacturing (AM) enables the production of parts with complex

geometry in a cost and energy-effective manner [1]. The flexibility offered by AM

is attracting attention from both industry and academia, advancing its use from

rapid prototyping to larger-scale manufacturing. Several additive manufacturing

processes have been developed and applied in biomedical, aerospace, and auto-

motive fields [2, 3]. One of the most prevalent processes for AM of metals is

laser powder bed fusion (LPBF) [4, 5, 6], in which a piece is formed by locally

melting powder layers via a laser beam. Several factors affect the local melting

process in LPBF, including beam velocity, shape, and power [7, 8, 5]. An incom-

patible parameter, such as insufficient beam power, can lead to defect creation in

the manufactured component [9]. These defects might form internally in the part

(e.g., internal porosities caused by entrapped gases or lack of fusion) making them

difficult to detect and compromising the structural integrity [10, 11, 12].

Several non-destructive testing (NDT) techniques have been leveraged for in-

specting AM parts, ranging from conventional NDT, such as visual testing (VT),

radiographic testing (RT), and ultrasonic testing (UT) to advanced NDT tech-

niques, including X-ray computed tomography (XCT), phased array ultrasonic

testing (PAUT), and laser ultrasonics (LU) [13]. In general, XCT is the foremost

technique used to inspect additive manufactured parts due to its ability to image

part internals accurately with high resolution. However, X-rays are heavily atten-

uated in dense alloys, such as Inconel 625, which leads to low-quality scans for

large samples [14]. On the other hand, UT offers a lower resolution alternative

suited for the quality control of AM parts at a low cost with higher accessibility.
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Recent work has investigated adapting UT techniques to detect defects in AM

parts [13]. The inspection technique varied depending on the AM technology and

the size and complexity of the AM part. Wire-arc AM (WAAM) is commonly used

to generate large-scale components (typical layer height 1-2 mm compared to tens

of µm in LPBF) with typical defects on the order of a few millimeters [15]. This

scale is close to what is commonly encountered in the UT inspection of welds,

and thus UT [16], LU [17], and PAUT [18, 19] techniques have shown promising

results in the inspection of WAAM parts. On the other hand, LPBF parts tend

to be smaller with finer details and typical defects on the order of hundreds of

microns [11], which is challenging for conventional UT.

Conventional UT has been suggested for the online [20, 21, 22] and offline

[23, 14, 24, 25, 26] monitoring of LPBF properties during and after manufactur-

ing. Online monitoring is suitable for verifying the bond quality as the layers are

deposited, while an offline approach is more appropriate for further defect detec-

tion and material characterization. Kim et al. [25] suggested using offline ultra-

sonic phase velocity measurements to predict the presence of porosity in 316L

stainless steel components. Song et al. [23] used a 15 MHz focused immersion

transducer on a positioning system to scan a thick rectangular sample with inten-

tional defects. Individual defects down to 153 µm were detected using this ap-

proach. Allam et al. [14] suggested using PAUT for detecting clusters of defects

(porosity) in LPBF parts. A defect region generated by reducing the laser power in

a cylindrical sample was detected using a 40 element 5 MHz phased array. Honar-

var et al. [24] used PAUT in an immersion water tank to detect deliberate defects

filled with entrapped unmelted powder in a rectangular sample. A 256-element

50 MHz PAUT probe was used to generate 3D defect images capable of detecting
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the edges of defects down to 0:75 mm. Marmonier et al. [26] used a 2D PAUT

probe to generate 3D images for 0.8 mm spherical defects in LPBF stainless steel

parts.

Laser ultrasonics has also been investigated for the inspection of LPBF com-

ponents [27, 28, 29, 30]. In LU, a laser excites or detects ultrasonic waves in the

part, making it suitable for complex geometries since it is completely contactless.

A laser-induced phased array (LIPA) can image the internal features of the sam-

ple using PAUT imaging algorithms such as B-scan or C-scan [31, 32], synthetic

aperture focusing techniques [33], or the total focusing method (TFM) [34, 35].

Cylindrical defects down to 0:5 mm in diameter were imaged in a rectangular

sample using LIPA [34].

The UT and LU efforts mentioned so far tested samples at least 5 mm thick.

These dimensions are suitable for bulk ultrasonic wave propagation and phased

array imaging; however, practical AM parts might have thinner dimensions where

many propagation modes exist in the form of guided waves (Lamb waves). Ul-

trasonic guided waves have been exploited to detect various defect types in thin

structures [36]. They have been reliably used to detect delamination and internal

cracks in composite materials [37, 38, 39, 40, 41], mainly for structural health

monitoring applications [42]. However, their use in the inspection of AM compo-

nents has been limited so far [43].

Lamb waves are dispersive by nature, and many modes with different prop-

agation velocities might exist at the same frequency. Special attention must be

given to excite the fewest modes possible in the structure [44, 45, 46] and filter

the received signal to isolate a specific mode [47, 48, 49]. Piezoelectric transduc-

ers are commonly employed to excite guided waves [50, 42, 51]. More specifi-
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cally, piezoelectric patches are bonded to the surface of the inspected component

to provide excellent mechanical coupling. Scanning laser Doppler vibrometry

(SLDV) can be used to perform contactless measurements of Lamb waves. SLDV

enables spatiotemporal measurement of waves propagating through the scanned

thin part, which provides information about its internal structure, such as de-

fects [52, 53, 54, 55].

In the present work, we explore using ultrasonic techniques for detecting typ-

ical lack of fusion defects generated in LPBF parts due to improper laser beam

power. Two techniques are investigated to cover a large subset of the various

geometries that can be generated using LPBF. PAUT is based on bulk ultrasonic

waves and is well suited for the inspection of thick parts. Using the TFM, PAUT

data is converted to 2D images for detecting defects intentionally generated inside

a thick LPBF part. The defects are generated by varying the laser power at spe-

cific locations inside the sample to cause lack of fusion. The nature of the lack of

fusion defects is investigated using optical microscopy and XCT. The experimen-

tal measurements are compared to 2D finite element method (FEM) simulations

to identify the minimum detectable defect size. PAUT is not well suited for thin

shell structures due to the presence of the dead zone, and interface distortions of

the image. For thin structures, we investigate using Lamb waves excited using a

piezoelectric transducer and captured using an SLDV. Root mean square (RMS)

averaging of the frequency-wavenumber filtered data generates images of the de-

fects inside the LPBF parts. The minimum detectable defect size is characterized

for both techniques, highlighting the limitations preventing its detection.
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Table 1: The laser power and power density used at the defect regions of the thick samples. The

power density was calculated from the formula in Ref. [14].

Sample # Laser power Energy density

(core region) [W] [J=mm3]

1 50 18.5

2 100 37.0

3 200* 74

4 300 111

*Recommended power by the LPBF system manufacturer.

2. Testing of thick LPBF components

The ability of ultrasonic waves to detect defects in thick LPBF components

was tested by printing four 50 mm× 25 mm× 15 mm rectangular samples with in-

ternal pin-shaped intentional defect regions (i.e., seeded defects) of varying sizes,

as shown in the schematic in Fig. 1a. A Renishaw RenAM 500Q system was

used to fabricate the samples. The laser power was varied from the normal value

of 200 W to cause a heightened concentration of pore formation in the “pin” re-

gions. The laser power used in the defect regions of each sample is summarized

in Table 1, while the standard power of 200 W was used throughout the remainder

of the rectangular samples. All other key process parameters were maintained at

normal settings.

2.1. Optical microscopy and XCT scanning results

To verify the presence of a higher concentration of print defects in the pin

regions, a set of specimens was imaged using optical microscopy and XCT. XCT
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Figure 1: (a) Schematic of the thick sample showing the intentional pin defect area where the laser

power was varied. (b) Sections in the XCT 3D image showing the defects generated in Sample 1

and (c) Sample 2. The 2 mm and 1 mm defects highlighted in Sample 2 were faintly visible.

images were obtained for Samples 1, 2, and 4 through the commercial services

of Yxlon Inc. The images were generated using a Yxlon FF85 CT scanner with

a (283 kV, 0.35 mA) X-ray beam, five integration frames, and a resolution (voxel

size) of 46:3 µm. Two internal cross-sections at the center of Samples 1 and 2

are shown in Fig. 1b and Fig. 1c, respectively. The XCT images of Sample 1

(50 W) show the defects down to 0:25 mm, with the 0:25 mm defect being faintly

visible. For Sample 2 (100 W), the 2 mm and 1 mm defects were faintly visible

while smaller defects were not detected. The results for Sample 4 (300 W) did not

show any visible defects.

To obtain microscope images, the samples were sectioned, exposing the pin

region, and polished. Standard polishing down to 0:1 µm colloidal silica was com-

pleted, followed by etching using Alders reagent and imaging at 100x magnifica-

tion. Images for 50 W and 100 W laser power (Samples 1 and 2, respectively) are

shown in Figs. 2 and 3, while Samples 3 and 4 (laser power settings of 200 W and

300 W) showed defect concentrations in-line with the bulk material, and hence are
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(a) (b)
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Figure 2: Optical microscope images of Sample 1 (50 W) showing cross-sections in the (a) 2 mm,

(b) 1 mm, (c) 0:5 mm, and (d) 0:25 mm defect regions.

not shown. While a high concentration of defects attributed to lack-of-fusion was

observed in Samples 1 and 2 at the 2 mm, 1 mm, 0:5 mm, and 0:25 mm pin loca-

tions, the 0:125 mm pin region could not be definitively located in any samples,

which is expected given the small size.

All the defects detected by optical microscopy appeared in the XCT images

except for the 0:5 mm and 0:25 mm defects in Sample 2 (Fig. 3c and Fig. 3d).

These defect regions showed a sparse defect density with sub 100 µm pores which

presented a challenge for XCT given the large size of the samples, and the signif-

icant X-ray attenuation present in dense Inconel alloys.
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Figure 3: Optical microscope images of Sample 2 (100 W) showing cross-sections in the (a) 2 mm,

(b) 1 mm, (c) 0:5 mm, and (d) 0:25 mm defect regions.
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