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Abstract 

Additive manufacturing (AM) is increasingly being adopted as a repair and manufacturing process for aerospace 

components. Quality control for AM repair and manufacturing process requires non-destructive inspection testing 

for validation.  In this paper, total focus method (TFM) with anisotropic delay law is adopted for defect inspection 

in multi-material AM components. Side drilled hole (SDH), delamination between different printing layers, and 

inclusions (e.g., foreign and non-melted powder) were comparatively inspected with conventional ultrasonic 

technology using a single element probe and TFM using a phased array probe. The defects were validated using 

X-ray computed technology (CT) inspection. From comparison, it can be concluded that ultrasonic testing, 

including both conventional and TFM technology, is capable of defect detection in AM components. By 

reconstructing the B-scan image with anisotropic delay law, the latter method achieved better detection sensitivity 

compared to the former. The developed ultrasonic inspection system has the potential to be implemented in on-

line monitoring and defect detection for AM process. 

Keywords: Ultrasonic Array, Total Focusing Method, Addictive manufacturing, Seeded inclusion, 

Multi-metal ultrasonic inspection 
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1 Introduction 

The adoption of additive manufacturing (AM) processes is gaining increasing importance in the 

aerospace industry. These AM processes are typically carried out by incrementally building layers onto 

the base component. This layer-wise build procedure is subject to complex solidification and fusing 

process[1][2]. The repeated heating and cooling during AM processes, direct energy deposition (DED) 

or laser engineered net shaping (LENS), is also known to cause anisotropy in material properties. There 

is a need for a quick and simple inspection solution for the detection of defects within the AM metals.  

One inspection technique adopted for the inspection of AM metals is ultrasonic inspection. The more 

recent developement in ultrasonic array technology is the full matrix capture (FMC) technique, where 

each element in the array is used as single emitter, and all other elements are used as receivers, creating 

a matrix of data. This data can be post-processed to focus on each pulser and reciver combination at a 

single point. By creating a grid of focus points, an image where each point is in focus is created. This 

is known as total focusing method (TFM). Usage of TFM to post-process the data allows a larger area 

to be inspected. It results in a faster and simpler inspection, which is not as dependant on complex 

toolpaths. The focusing utilised in TFM is calculated based on material properties [2][3][4]. Thus, 

having a slightly anisotropic metal might complicate the inspection procedure. 

In this paper, AM components manufactured using laser metal deposition (LMD), a type of DED, 

normally and with seeded defects, are evaluated. X-Ray CT was used to determine the presence of 

defects. Single element ultrasonic inspection and TFM with anisotropic delay laws were used to detect 

defects. The results indicate that both methods are able to detect the seeded defects.  

Some future work is planned to further develop TFM with anisotropic delay laws and a comparative 

POD analysis of single element ultrasonic inspection and anisotropic TFM.   

2 Objective 

The objective of this paper is to compare the defect detection capabilities of ultrasonic single element 

and TFM inspection. The defects are artificially seeded inclusion, seeded voids and side-drilled holes. 

There samples have different base material and printed material, steel printed on Inconel.  

 

 

 

3 Samples 
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In this section, the test samples used for the project are discussed. The samples used in this project were 

manufactured using LDM process. The LMD process can be classified under the direct energy 

deposition sub-group of AM. The LMD process is conducted by having a laser (energy source) melts 

the delivered raw material (metal powder), powder blown in this case, to produce deposited material, 

typically in a track-wise fashion.  

The three samples were created in the following manner to emulate defects. First, a good sample was 

created. This was defined as having low porosity and good fusion with the base & between deposition 

tracks/layers, amongst many other qualities. Figure 1 is provided to show some key parameters of 

obtaining a good build. The SDHs were subsequently created in the sample.  

 

Figure 1: Image to explain key build parameters, Track overlap and hatching strategy. (a) shows what track 

overlap refers to. (b) shows the cross-hatching strategy.  

The second sample had bad fusion between layers. This was achieved by having extremely high powder 

feedrate, resulting in a poor aspect ratio of the deposition bead with increased risk of poor fusion with 

the base layer. The track overlap was kept low, at around 25% and there was only a single direction 

hatching strategy with no offsets in multi-layer build. The diagram of the expected result can be seen in 

Figure 2 (a).  

The forth sample had seeded inclusion. A layer of Al-based ceramic resin was applied liberally after 

one layer of deposition, before further deposition on top of it. The diagram of the expected result can 

be seen in Figure 2 (b). 
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Figure 2: Images to displace the defects within sample 3 and 4. (a) is to show how voids were created in the 

sample. (b) is to show to inclusions were created in the sample. 

The samples before and after machining can be seen in Figure 3. The samples were machined in order 

to get a clear reflection of ultrasonic signal from the back wall. This would allow defect detection by 

observing the backwall reflection signal loss, should they not be directly detectable from the base plate.  

 

Figure 3: Images of samples before and after machining. (a) Samples before maching. (b) Samples after 

machining. 

 

4 Validation using X-Ray CT 

The samples were validatied using X-Ray, using a Nikon XTH 450. The X-ray images validated that 

the defects were seeded successfully. There are some porosities / voids observed within sample 2, seen 

in Figure 4 (a). The inclusion in sample 3 is much clearer, as seen in Figure 4 (b). 
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Figure 4: X-CT cross sectional image of samples used in the project. (a) is sample 2. The yellow rectangle 

shows the area with high amount of voids / pores (b) is sample 3. The red rectangle shows the inclusion defect 

in the sample. 

5 Testing methodology  

The sample were tested using conventional ultrasonic single element and an ultrasonic phased array. 

The inspection was conducted from the base plate to ensure that the TFM was less likely to be affected 

by anisotropy.  

An immersion tank with 6 axis controls, ScanMaster LS-25, with an Olympus 5 MHz single element 

ultrasonic probe, was used to capture ultrasonic data. The PeakNDT LT-PA array controller with an 

Olympus 5MHz, 64 element array probe was used to conduct the FMC (full matrix capture) and MatLab 

was used to post process the data using iterative TFM (total focusing method). 

The inspection parameters for the ultrasonic inspection are provided in Table 1. 

Table 1: Inspection parameters for ultrasonic inspection 

Parameter Single element TFM 

Probe Olympus 5 MHz – single 

element probe 

Olympus 5 MHz – 64 element 

phase array probe 

Scanning Pitch 0.2 mm 0.2 mm (pixel size) 

Scanning path Raster Single point 

 

Additional algorithms were used to align the individual A-scans due to some equipment limitation. 

This limitation was due to vibrations during movement when continuously acquiring the A-scans, 

resulting in a non-flat surface being acquired. 
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The immersion based TFM in BRAIN (BRistol Array Inspection) was used as to post-process the data 
which effectively achieved the same results.   

6 Testing results  

The results can be seen in Figure 9 to Figure 7, with the images from the conventional UT being 

compared to the TFM images. Figure 5 is provided as a visual guide on what the images are showing. 

 

Figure 5: Reference image to explain ultrasonic data. (a) is actual ultrasonic B-scan data, with the black dotted 

line showing the location / effect of the dilution zone. The green and orange rectangle reflect inconel and steel 

respectively. (b) is the placement of the probe with respect to the metal. 

Sample 1 had a 1 mm diameter SDH created in the sample. The SDH can be seen in both Figure 6 (a) 

and (b), with the SDH in the TFM image being much clearer. The signal to noise ratio (SNR) was 

determined to be 22.6 to 1.16, when comparing TFM to conventional.  Since this sample is the “good” 

sample, it was concluded that the dilution layer of additively manufactured components can be detected 

using TFM. 

 

Figure 6: Images of ultrasonic data for sample 1, good sample with SDH. (a) is the ultrasonic data using 

conventional single element ultrasonics. (b) is the ultrasonic data of sample 1 using TFM, array perpendicular to 

build direction. 

(a) (b) 
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Sample 2 had bad fusion between build layers. The effect of bad built layer can be seen in both images 

where some defects can be seen in the subsequent layers after the dilution layer. This is evident in Figure 

7 (a) and (b), in yellow rectangles. The effect of the bad fusion layers can also be observed in the back-

wall echo of the second material, seen in the orange rectangle. Figure 8 is also provided to show the 

detection of each layer, lengthwise, seen in the horizontal lines across the build part (green rectangle). 

 

Figure 7: Images of ultrasonic data for sample 2, sample with bad fusion between layers. (a) is the ultrasonic 

data using conventional single element ultrasonic. (b) is the ultrasonic data of sample 3 using TFM, array 

perpendicular to build direction.  

 

Figure 8: The ultrasonic data of sample 2 using TFM, array parallel to build direction. Green rectangle to 

indicate area with clearer indication of build layers 

Sample 3 had some inclusions created by ceramic based resins at the first and final layers of the printing. 

This is evident in both the conventional ultrasonic images and the TFM images. With the conventional 

inspection, seen in Figure 9 (a), in the layer after the dilution layer clear indications of non-uniformity 

(wavy pattern) are shown. These are likely the inclusions indications. Figure 9 (b) provides a clearer 

view of the inclusions where clear indications can be seen after the first layer.   

(a) (b) 
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Figure 9: Images of ultrasonic data for sample 3, with inclusions within the first and last layer. (a) is the 

ultrasonic data using conventional single element ultrasonics. (b) is the ultrasonic data of sample 1 using TFM, 

array penpendicular to build direction. 

7 Discussions  

From the results, it can be concluded that TFM is able to detect defects with higher SNR, particularly 

side drilled holes, seeded inclusions and bad fusion between layers, compared to a single element 

ultrasonic inspection, with a similar central frequency. TFM was also shown to be able to detect the 

dilution area of the additively manufactured component.  

8 Conclusions and Future work  

TFM was used to detect defects within DED type AM materials. These defects included SDH, seed 

inclusions and improper fusion between layers. The defects were validated using X-Ray CT. The 

comparison was made between the single element ultrasonic inspection and TFM. Both methods are 

shown to be able to detect the defects. However, TFM was shown to be much better at detecting the 

defects.  

Some future work is planned on testing from the build layer side. This is closer to the actual situation 

of inspection requirements where base plate access may not be possible / feasible. Thus, some 

inspections will be conducted on the machined build layer followed by not machined build layer. To 

achieve this, further development of TFM with anisotropic delay laws will have to be made to allow 

immersion based multi-layer TFM.  

Secondly, a comparative POD analysis of single element ultrasonic inspection and anisotropic TFM to 

compare the capability of inspection of AM (DED) components is planned.  

  

(a) (b) 
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