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Abstract

:

This article reports on the characterization of the “as-fabricated” state of Inconel 718 samples fabricated using laser directed energy deposition (DED). Laser-DED is known to produce complex metastable microstructures that can significantly influence the baseline ultrasonic response compared to conventional processing methods. The present work uses three parameters to characterize the samples: (a) ultrasonic velocity, (b) an attenuation coefficient, and (c) a backscatter coefficient. The baseline ultrasonic response from the DED sample was compared against the ultrasonic properties of conventional IN718 samples reported in the literature. The results suggest that strong grain boundary scattering from large macrograins can lead to attenuation and backscatter values that are significantly higher than conventional samples. Additionally, the results including velocities, attenuation and backscatter coefficients were found to be dependent on the fabrication direction, with the build direction being different from the transverse directions. Finally, destructive analysis was used to develop conjectures to explain the experimentally observed ultrasonic response.
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1. Introduction


Laser directed energy deposition (Laser-DED) is an additive manufacturing (AM) technique in which feedstock materials can be fed in powdered form and deposited on metallic substrates using focused laser energy [1,2,3]. DED machines are capable of high deposition rates, can add and subtract material (hybrid) in the same operation, and develop multi-functional, multi-materials structures [4,5] in a near single step operation [6,7,8]. Laser-based AM processes such as DED have cooling rates in the range of   10 3   to   10 5   K/s, and are known to produce metastable phases and microstructural features such as fine dendrites, nano-scaled precipitates, acicular grains, etc. [9,10]. Furthermore, the laser-processed microstructure depends a great deal on the material system. For example, in DED fabricated Inconel 718 (IN718) alloy, Laves phases rich in Nb and Mo form a unique striated and segregated network in a  γ -phase-rich matrix [9]. Grain boundary segregation of precipitates give rise to features spread over multiple length scales; cellular meso-grains, and nano-scale carbide precipitates. Further, a previously solidified track of metallic material is also subjected to a secondary heating and cooling during layer-wise fabrication of a bulk component during the laser DED process [11,12]. Due to the finite width of the laser scanning track (a hatch scan) and the laser scanning depth (a layer), the laser DED process essentially leads to rapid micro-casting of the metallic material. Currently, material characterization and quality control is performed mostly using destructive techniques [13], which are not always feasible for rapid, in-field testing.



Nondestructive evaluation (NDE) allows us to perform material characterization without the need for any destructive testing. Several NDE methods [14,15] including ultrasonic testing (UT) [16,17,18,19,20,21] and X-ray micro computed tomography (CT) [22,23,24,25] have been explored. The field implementable nature of UT makes it highly attractive and gives it an edge over radiography. Recent advances in additive technology including process parameter optimization have helped in establishing processing parameters that give a good starting point for quality control. This would typically eliminate any large defects, such as macro-cracking in the as-fabricated state. Considering these factors, microstructural changes and small-scale defects that do not affect the fabrication are typically found to be challenging to inspect. Applying NDE techniques to inspect these structures would produce a baseline NDE response, i.e., the “as-manufactured” state or the “initial state”. Based on in-service activities such as fatigue loading, this initial state can evolve from microstructural changes including phase evolution, etc., to macroscale changes including crack growth, which is typically defined as a “damage state”. This is a relative term and a clear definition is dependent on application and structure. Fundamentally, the ability to discern between initial state and damage state from an inspection or NDE perspective depends on the damage-feature size and the ability of the technique to resolve this feature. Therefore, it is very important to understand the baseline UT response for quality control of the structures fabricated using any advanced manufacturing techniques. If the baseline response is misunderstood as a damage state, then it could lead to several false positives. Furthermore, there is lot of interest in going towards in situ characterization, while the structures are being fabricated. But it is important to first understand the initial state in an ex situ manner. Therefore, it is important to first address and understand the baseline response from these complex microstructures before addressing the inspectibility of these structures. Specifically, nickle-based super alloys such as IN718 are used for critical applications like gas turbine blades, aircraft engines, etc., where safety is the highest priority, and addressing false positives or negatives are critical for NDE. Developing standards for inspection such as ASTM E3166-20e1 [26], is dependent on the ability to consistently measure the baseline response and use it to differentiate between defects.



Among all the NDE methods, ultrasonic testing is one of more favorable techniques due its volumetric assessment, and its sensitivity to features spread within the bulk–micro length scale. Three parameters are typically used in ultrasonic testing: ultrasonic velocity, attenuation and backscatter. The ultrasonic velocity of a sample is dependent on the elastic properties of the constituents including phases and other inclusions [27,28,29]. The attenuation in a material and velocity are related through the dispersion characteristics described by the Kramers–Kronig relationship [30]. The phase velocity is a good indicator of the presence of any microporosity and other scatters as demonstrated earlier by several researchers [31,32]. Similar to the attenuation coefficient, the acoustic energy that is scattered from grains and inclusions and picked up by the transducer is characterized by the backscatter coefficient. The backscatter coefficient has been used to obtain a quantitative and qualitative measure of grain size [33,34], influence of multiple phases and the morphology of grains including elongated grains [35].



Most of the existing studies in literature on ultrasonic NDE have focused on characterizing samples made using powder bed fusion (PBF) and only a handful of articles have focused on laser DED [36,37,38,39]. Ultrasonic wave propagation in complex metastable structures (like DED processed structures) is relatively unknown and poorly understood. The objective of the present study is to use UT to characterize the as-fabricated state of IN718 fabricated via laser DED process. This article reports on the use of three parameters to characterize DED processed IN718 structures: (a) ultrasonic velocity, (b) an attenuation coefficient, and (c) a backscatter coefficient. We further compare the baseline ultrasonic properties of the DED samples to the ultrasonic properties of conventional IN718 sample reported in literature. Conjectures were developed based on the observations on the velocity, attenuation and backscatter coefficient based on known theories. To the authors’ knowledge, this is the first comprehensive work that reports on all the ultrasonic properties of DED processed IN718. Therefore, the focus of the article is only on the nondestructive characterization and developing conjectures.




2. Materials and Methods


2.1. Materials


DED IN718 structures were fabricated using a Laser Engineered Net Shaping (LENS™) directed energy deposition machine. The processing parameters using to fabricate the DED samples are listed in Table 1. Since the aim of the study is not processing parameter optimization, the parameters that were optimized previously by a commercial supplier, Optomec Inc. Alburquerque, New Mexico, USA, were used. These processing parameters were identified for high deposition rates with no significant defects, which was also verified with destructive analysis. The same processing parameters were used to fabricate more than three samples and were found to be consistent using destructive analysis as reported earlier by the authors [40]. A zigzag scanning pattern was used with alternating   0 ∘   to   90 ∘   in between layers during fabrication. The samples were deposited to a near net-shaped cubic geometry on a 12 mm thick stainless steel 304 base plate. The samples were further cut from the base plates and milled to a final dimension of 25 mm (L) × 25 mm (W) × 19 mm (H) sample, with the height being the build direction thickness as shown in Figure 1a. The sample surfaces were milled flat to a surface roughness, which is approximately equivalent to an asperity height of   R a < 0.25  . The Archimedes method was used to measure the density of the sample: 8248 kg/m   3   and the expected density was 8220 kg/m   3  . Observations from microscopy and destructive measurements did not show any significant porosity. The details of the setups used for destructive testing can be found elsewhere [40].




2.2. Ultrasonic Characterization


2.2.1. Phase and Group Velocity


The longitudinal group velocities were measured using a contact-based transducer (Olympus) in pulse-echo setup [41]. The transducer frequency was 5 MHz and the active area was 12 mm (0.5 inch). The shear group velocities were measured using two transducers in the through transmission ultrasound (TTU) setup as shown in Figure 1b. The shear transducer frequency was 2.25 MHz and the active area was 12 mm (0.5 inch). A mass loaded setup was used to obtain consistent loading pressure, which reduces the measurement error. Five measurements were carried out along each principal direction of the sample by moving the transducer within a 300 mm   2   region. This region was chosen at the center of the sample as shown in hatched region in Figure 1a to ensure no edge effects interfered with the measurements. Data capture was carried out at 1GHz using an 8-bit oscilloscope, and a Panametrics 5055 pulser-receiver. The group velocities were calculated using the time of flights of the two backwall echoes, which were extracted from the recorded waveforms using Hilbert transforms. The same approach was used for shear velocity measurements, except for a fused silica reference, which was used to obtain the time of flight difference in the TTU setup. More details can be found in the supplementary material.



The phase velocity as a function of frequency was obtained using the procedure outlined in Ref. [32]. Typically, the phase velocity in the 5–15 MHz range for metallic structures will be invariant of the frequency [42]. Therefore, we used a 1 MHz, 12 mm (0.5 inch) diameter transducer in pulse-echo mode to capture the phase velocity in the 0.1 MHz to 2.5 MHz range. Three measurements were carried out along each principal direction of the sample by moving the transducer within a 300 mm   2   region, and the response was averaged. More details of the phase velocity measurement are given in the supplementary material. The experimental setup is similar to Figure 1b, albeit using only one transducer instead of two.




2.2.2. Attenuation Coefficient


The method to measure the attenuation coefficient ( α ) is given in the supplementary text and follows Ref. [43]. An immersion setup as shown in Figure 1c is part of a 3-axis scanner controlled by InspectionWare software, which was used for data collection. A 5 MHz, 6 mm (0.25 inch) diameter planar immersion transducer was used in pulse-echo mode. The Panametrics 5055 pulser-receiver was used along with a 12-bit digitizer with a sampling rate of 250 MHz. The data were collected via InspectionWare, then processed in MATLAB using custom written codes. The front wall (FW) and first backwall (BW) were used to calculate the attenuation coefficient. The  α  was also measured for different directions to obtain the effect of the build direction and three measurements were carried out within a 300 mm   2   region.




2.2.3. Backscatter Coefficient


The procedure for backscatter coefficient measurement is given in the supplementary text and follows Refs. [43,44]. The measure of the noise generating capacity of the microstructure is given by the Figure of Merit (FOM). A 5 MHz, 12.7 mm (0.5 inch) transducer with 101 mm (4 inch) focus in water was used for the backscatter measurement. A 10 mm × 10 mm C-Scan with a 500  μ m spatial resolution (position around the geometric center of the face of the sample) focused at the mid-plane of the sample was carried out along the three different directions. The experimental setup is similar to Figure 1c, with the exception of the focused transducer. Signal processing was carried out with careful time gating of the signal between the frontwalls and backwalls. The transducer was positioned with the focal spot at the surface of the sample, and the FW signal was captured and used as the reference. More details of various corrections and the equation can be found in the supplementary.






3. Results


3.1. Velocity


3.1.1. Group Velocities


The measured longitudinal group velocities of the DED sample are shown in Figure 2a. As a reference, the longitudinal velocity of conventional IN718 from [45] has been plotted in a dashed line. It is apparent that the longitudinal velocities of the DED sample are lower than the conventional sample. Furthermore, a dependence on the direction can also be noticed, i.e., the build direction (D3) shows the lowest velocity, followed by D2 and D1. The shear group velocities are shown in Figure 2b. The velocity D1-2 signifies propagation along direction 1 and polarization along 2. Compared to conventional values, the DED sample has a higher velocity in the D1-3 and D2-3 directions, but the transverse plane, i.e., D1-2, exhibits lower velocity than the conventional sample. This suggests that the build direction of D3 has a significant influence on the shear properties.




3.1.2. Phase Velocity


The longitudinal phase velocities along the three directions are shown in Figure 3. According to Kramer–Kronig [32] relationship, an inverse-asymptotic behavior is expected between phase velocity and frequency. The shape of the phase velocity curve is consistent with previously published data for high attenuation samples including polymer composites [32]. The dispersion, i.e., frequency dependence of phase velocity signifies the dependence on attenuation including porosity and other features. Between the different directions, the DED sample shows strong dispersion and the build direction; D3 shows a higher dispersion compared to D1 and D2.





3.2. Attenuation Coefficient


The raw A-Scan data are shown in Figure 4. The reference frontwall echo is shown in Figure 4a and the received first backwall signal for D1 and D3 are shown in Figure 4b,c. The frequency domain response of the FW, and BW of D1, D3 are shown in Figure 4d–f. Since the received signal has a total bandwidth of ≈2–7 MHz, we limit our analysis to this range. A bi-modal spectral distribution can be observed in the spectral response. Interestingly, the bimodal response is not as sharp for D3 compared to D1. The calculated  α  values are shown in Figure 5. The three measurements per direction have been plotted together in lighter shade and the average value is shown in a darker shade. At 5 MHz, the DED sample exhibits ≈0.5 Np/cm, compared to the conventional sample ≈0.0025 Np/cm [46]. For 50 mm of propagation, this will result in ≈22 dB difference between conventional sample and DED sample, which is significant. Furthermore, beyond the 7 MHz range, we can observe a periodic noise (in the shaded region in Figure 5), which is due to the convolution noise. The bandwidth outside our analysis is shown in the light red region and is not considered in the work. Within the 2–7 MHz range, we can observe “humps” or “peaks”. These humps seem to occur at specific frequencies and seem to be dependent on the direction. The D1 and D2 results show that the humps occur at or near the same frequency, i.e., 3.5 MHz, but for D3, we notice this hump is not as sharp and is closer to 4 MHz. The origin of these humps and their physical relevance to the ultrasonic measurements will be discussed in Section 4.




3.3. Backscatter Coefficient


The raw A-Scan data are shown in Figure 6. The time-domain reference fontwall echo and the backscatter region of D1 and D3 are shown in Figure 6a–c. The frequency-domain response of the signals in Figure 6a–c are shown in Figure 6d–f. Since the attenuation coefficient was used to calculate the backscatter coefficient, we limit the bandwidth to 2–7 MHz as well. Similar to attenuation, the bandwidth outside our analysis is shown in the light red region and is not considered in the work. An example of the backscatter region in time domain along D1 and D3 are shown in Figure 6c,d. The backscattered signal has a higher amplitude along D3 compared to D1. The backscatter spatial RMS magnitude (  Γ  r m s   ) is shown in Figure 6e,f. The periodic grain noise along D3 manifests as a strong peak in   Γ  r m s   . The calculated FOM values are shown in Figure 7. Between 4–5 MHz, the FOM is 0.0025 cm    − 0.5   , whereas, between 5–6 MHz, it is ≈0.0225 cm    − 0.5    for D3 and ≈0.01 cm    − 0.5    for D2. The FOM values reported in literature for conventional IN718 at 5 MHz is between 0.003–0.005 cm    − 0.5    [34]. It is interesting to note that below 5 MHz for the DED samples, the grain noise is similar to conventional structures; however, the strong periodic noise results in a FOM that is an order of magnitude larger.




3.4. Backscatter C-Scan to Map Heterogeneity


To obtain a qualitative measure of the spatial heterogeneity, the DED sample was scanned using a 2-axis scanner and the same setup as the backscatter measurement. Compared to the backscatter measurement, the entire sample was scanned at a spatial resolution of 500  μ m in both scan and index directions. A backscatter C-Scan was developed by focusing at the mid-plane of the sample, and isolating the time-domain signal at the focus using a 2  μ s gate. The time-domain signals were further converted into frequency domain, and a sum of the absolute magnitude in the frequency domain was carried out. This will result in a single value at each pixel, and repeating this process over the entire scan area will result in what is referred to as a backscatter C-Scan as shown in Figure 8. Since the main objective is to only capture the intra-sample heterogeneity, the amplitudes were normalized and plotted in dB scale as shown in the figure. It is interesting to note that the heterogeneity in D1 as shown in Figure 8a only shows a −5 dB variation in spatial amplitude, but D2 and D3 as shown in Figure 8b,c show up to −10 dB in spatial variability.





4. Discussion


The objective of this article is to understand the complex ultrasonic response of the as-fabricated IN718 sample, which will allow us to eventually develop models that can quantify the as-fabricated state from a microstructral perspective. This will also allow us to differentiate the as-fabricated state with defect state, which is critical for qualification using ultrasonic NDE.



4.1. Destructive Measurements


After the NDE measurements were carried out, the DED sample was sectioned, polished and micrographed. The micrographs of the DED sample are shown in Figure 9 along with a reference micrograph of conventional IN718. In the conventional sample in Figure 9a, the grains are somewhat equiaxed and show a uniform grain size distribution. The presence of Laves phases (white outlines in the grain boundaries) can also be observed, which is once again consistent with known microstructures. Figure 9b,c shows the DED sample in the X-Y and Z planes. We can observe the following: (i) micro- and macrocolonies of grains with non-uniform grain size distribution, (ii) dendritic or long slender grains [47], and (iii) strong grain boundary precipitation of metastable Laves phases [48]. A separate phase analysis was also carried out using X-Ray diffraction (XRD) and details are reported elsewhere [40]. The phase distribution was found to be similar between the conventional and DED structures. However, in the DED structure, the   γ  ″    phase of   N  i 3  N b   did not precipitate due to the rapid solidification and segregation of Nb as Laves phases [40]. These micrograph scales were chosen to show the “macrograins”. At the micrograin scale in Figure 9b, a network of connected white lines resembling a cellular structure can be observed. At the lower magnification in Figure 9c, the larger macrograins become visible (as outlined in orange).




4.2. Velocities


We can observe that the longitudinal velocity of the DED sample is lower than conventional samples. We can hypothesize that one of the reasons for the difference in velocity between conventional and DED samples could be due to the lack of   γ  ″    phase in the DED sample. This could also be partly attributed to the wide distribution of carbide phases, which are known to have a lower modulus [49,50]. As noted in Section 4.1, previous destructive analysis had shown that the DED IN718 sample had a higher volume fraction of Laves phases and a lower volume fraction of   γ  ″    phases [40]. Previous work on aging of IN718 [45] shows that IN718 samples without the   γ  ″    phase exhibited lower longitudinal and shear velocities compared to the sample with the   γ  ″    phase. The hypothesis that the lack of   γ  ″    in the DED-IN718 sample will decrease the velocity agrees well with the present observations for the longitudinal velocities. Metallography of the present samples [40] also showed a large distribution of carbide phases, which once again agrees with the hypothesis of reduction in velocity for DED samples.



The shear velocity in the transverse direction D1-2 is also lower than the conventional sample, which once again is in good agreement with previous observations [45]. However, the shear velocities of the DED sample are higher than the conventional sample along the build direction (D1-3 and D2-3), which is contrary to the hypothesis. The velocity shows some degree of anisotropy, which points towards texture. However, to fully understand it, an electron backscatter diffraction (EBSD) analysis is needed, which is beyond this article. Other articles have carried out similar analyses for IN625 but using powder bed fusion rather than DED [51].




4.3. Grain Clusters and Scattering


From the attenuation measurements in Figure 5, we can observe a hump at 3.5 MHz in D1, D2 and at 4 MHz in D3. Similarly a hump at 4 MHz and 5 MHz can be observed in the FOM results in Figure 7. A hypothesis for this hump is presented below: (A) The 22 dB difference in attenuation between conventional sample and DED sample suggests, the average grain size must be significantly larger in the DED sample. From the micrographs in Figure 9, we can notice that the macrograins are spread between 100–500  μ m, whereas conventional samples typically have grain sizes on the order of 10–20  μ m. The micrograins on the other hand are on the order of 5–10  μ m. Based on these observations, it can be argued that the scattering and attenuation observed in the DED sample can be mainly due to the macrograin. For the macrograin to act as a single grain, the assumption is that the macro-grain has a local texture, which has been shown earlier by other authors using EBSD imaging [52]. (B) For conditions when the scatterer size is approximately equal to the wavenumber, i.e.,   k a = 1  , where k is wavenumber and a is the average scatterer size, Stanke and Kino [53] have shown that a transition in the scatter mechanism from Rayleigh to stochastic occurs. The power law of frequency dependence also changes at this transition according to S-K theory. Depending on various factors, a hump can be observed [54,55] at this transition. The reason for the hump like behavior can be due to grain size distribution [54], or grain morphology [55]. If the hump observed at 3.5 MHz is a transition, then   k a = 1   will give us an average grain diameter of ≈250–300  μ m based on S-K theory. From the micrographs in Figure 9, this macrograin size is possible. If the grain scattering were to occur from the micrograin, then the transition is expected around hundreds of MHz-GHz, which is not feasible with the current setup.



There could be a few arguments that can be made against this hypothesis as well: It is interesting to note that there is no change in power law dependence before and after the 3.5 MHz hump, which is expected for a transition based on S-K theory. Furthermore, the forward scatter noise overlapping the backwall could also result in aberrations in the spectral response. This will typically result in bi-modal spectrum as shown in Figure 4d,e, and taking the ratio of this spectrum with a smooth spectrum like the reference (in Figure 5b) will result in humps. Any local velocity changes will also result in phase aberrations as the beam propagates. Therefore, it could also be argued that these humps are purely spectral aberrations due to time-gating or the choice of time gate position. The origin of the humps remains debatable and uncertain and further work is necessary to understand them completely.




4.4. Heterogeneity


Adapting the existing acoustic scattering theories to complicated DED microstructures will be challenging due to two reasons: (a) the spatial heterogeneity, and (b) grain size definition. The C-Scans in Figure 8 suggest that the spatial variability/heterogeneity is much more significant in the DED sample compared to the conventional sample. This variability calls into question the fundamental definition of attenuation and backscatter coefficients, especially for heterogeneous structures. The acoustic parameters which are used to calculate the attenuation and backscatter coefficients such as velocity, diffraction correction, etc., are dependent on homogeneous assumptions. These properties are typically averaged over the beam volume. The C-Scans suggest that we may not be able to use the standard definitions of attenuation and backscatter coefficients to characterize DED samples.



Secondly, the definition of grain in these complex microstructures is not consistent in the literature. To correlate the results with scattering theories, we need to perform mean free path calculations [43,56], which requires us to clearly define grain morphology. Unfortunately, there seems to be no clear consensus in the additive manufacturing/DED research community on the definition of a grain size for meta-stable microstructures [57,58,59,60,61,62]. Specifically for IN718, the segregation of Laves phase at the grain boundaries results in a cellular microstructure. If we assume the cell is the grain, then based on average cell size, the grain size will 5–10  μ m, and if we define the grain to be the macrocolony of cells, then the average grain size will be ≈250–500  μ m. The macrograin definition seems to agree well with the results presented here. However, more research is needed from an acoustic perspective to determine the appropriate scattering functions for the corresponding grain size.




4.5. Absorption and Residual Stress


There are several sources of attenuation that are independent of grain boundary scattering such as thermoelastic attenuation, lattice defects like dislocations, grain boundaries and inclusions like precipitates. Literature suggests that thermoelastic attenuation is typically orders of magnitude smaller [63] than grain boundary scattering, and therefore we can discount its effects. Attenuation due to dislocation damping scales quadratically with the frequency. This effect is higher at lower frequencies, and minimal above 10 MHz [64]. Based on the Granato–Lucke model [65], attenuation scales to the fourth power of the dislocation loop length (  ∝  L 4   ) and linear to the dislocation density. Based on the micrographs, we can hypothesize that the relatively small cell size might result in smaller dislocation loop lengths and therefore a smaller dislocation damping contribution. However, the dislocation density within the cells can be higher for the DED samples, which needs to be experimentally validated.



The rapid solidification can result in long-range and short-range residual stresses and texture in the structure [66]. This is expected to manifest in the ultrasonic velocity due to acoustoelasticity, i.e., stress-induced velocity changes [67]. In Figure 2a,b, we can observe that the longitudinal velocity and shear velocities along the build directions are different compared to the transverse direction. The presence of texture and residual stress can contribute directly to the anisotropy [51]. This suggests that more studies are needed to fully understand the contributions to ultrasonic velocity in DED structures.





5. Summary


The objective of this article is to characterize the ultrasonic properties of the as-fabricated state of additively manufactured IN718 structures. Samples were fabricated using DED technique, and three parameters; ultrasonic velocity, and attenuation and backscatter coefficients; were measured in the as-fabricated state, i.e., no post-processing or heat treatments. This forms the baseline ultrasonic response of DED structures, which were compared with the conventional IN718 reported in the literature. The purpose of the ex situ measurements reported here is to highlight the importance of first understanding the baseline ultrasonic response before we develop in situ characterization, i.e, inspection while the structures are being fabricated. The results and observations from this study are summarized below:




	
The ultrasonic velocity shows that the DED sample exhibits a noticeable anisotropy compared to the conventional sample. Specifically, the build direction has a large influence on the ultrasonic velocities. The DED sample has a lower longitudinal velocity compared conventional samples, which could possibly be attributed to the lack of   γ  ″    phase. However, the transverse shear velocity along the D1-2 plane was higher than conventional sample, which is conflicting with the hypothesis.



	
The DED sample exhibits significantly higher attenuation (−22 dB) compared to conventional sample, and the presence of humps were observed. The origin of these humps in the attenuation curve are debatable and presently there is no explanation.



	
Ultrasonic backscatter results also suggest that the DED sample exhibits higher ultrasonic backscatter compared to conventional sample. Due to the periodic noise, strong peaks could be observed at certain frequencies. However, outside that frequency range, the FOM values are similar to conventional samples. The backscatter along the build direction was noticeably higher than the transverse directions.



	
Heterogeneity: The DED sample shows a −10 dB spatial variability in amplitude, which is considerable compared to conventional samples. It was also observed that this heterogeneity might be dependent on direction.








The high attenuation and strong backscatter suggest that the as-fabricated sample could easily be mistaken for a defective sample. This poses a strong challenge when we use ultrasonic NDE to study the influence of processing parameters or other factors. If the as-fabricated state cannot be understood, any changes in the ultrasonic response based on the changes in processing parameters cannot be understood either. This becomes a major roadblock in moving towards a NDE-based qualification of these structures. The heterogeneity observed in the DED sample can be a major hurdle in developing qualification standards for DED samples. However, the attenuation and backscatter measurements are rich with information that we currently do not understand. Extracting more features from these measurements could possibly allow us to develop more advanced qualifications compared to the existing qualification tools, which use velocity, attenuation and backscatter coefficients. Such an exercise will be explored elsewhere. Finally, we do not believe these observations can be generalized for all metallic structures that are fabricated using DED. These observations maybe specific to IN718 and other structures which have grain boundary precipitation and meta-stable martensitic phases in their microstructure. The results also suggest that more research is required to fully understand the origins of the baseline ultrasonic response, especially wave propagation in complex microstructures.
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The following abbreviations are used in this manuscript:



	DED
	Directed Energy Deposition



	IN718
	Inconel 718



	AM
	Additive Manufacturing



	NDE
	Nondestructive Evaluation



	UT
	Ultrasonic Testing



	TTU
	Through Transmission Ultrasound



	FW
	Front Wall



	BW
	Back Wall



	FOM
	Figure Of Merit
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Figure 1. (a) Sample geometry after machining, D3 is the build direction. The hatched region shows the 300 mm   2   region where all the ultrasonic measurements were carried out on each face of the sample. (b) The through-transmission setup that was used for velocity measurement. (c) The immersion setup that was used for attenuation and backscatter coefficient measurement. A, B, C refer to the frontwall, backwall and 2nd backwall. For the backscatter measurements, a focused transducer was used. 
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Figure 2. (a) Longitudinal group velocity along the three directions, (b) shear group velocity along the three directions. D1-2 refers to propagation along 1 and polarization along 2. D3 is the build direction. For reference, the longitudinal and shear velocities of conventional IN718 [45] have been added as dashed lines. 
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Figure 3. Phase velocity vs. frequency comparing the three directions of the DED sample. D3 is the build direction. 
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Figure 4. The raw A-Scan data used for calculating the attenuation parameter ( α ) are shown. The time domain response of (a) reference front wall (FW) echo, (b) backwall1 (BW1) along D1 and (c) BW1 along D3. The corresponding spectral response is shown for (d) FW, (e) BW1 along D1 and (f) BW1 along D3. D3 is the build direction. 
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Figure 5. Attenuation parameter ( α ) of the DED sample with waves propagating along (a) D1, (b) D2 and (c) D3 directions. D3 is the build direction. 
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Figure 6. The raw A-Scan data used for calculating the FOM are shown. The time domain response of (a) reference front wall (FW) echo, (b) backscatter region along D1 and (c) backscatter region along D3. The corresponding spectral response is shown in for (d) FW, (e) frequency domain response of spatial RMS magnitude (  Γ  r m s   ) along D1 and (f)   Γ  r m s    along D3. D3 is the build direction. 
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Figure 7. FOM as a function of frequency of the DED sample measured along (a) D1, (b) D2 and (c) D3 directions. D3 is the build direction. 
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Figure 8. Backscatter C-Scan of the sample from different directions; (a) D1, (b) D2 and (c) D3. The ultrasonic beam was focused at the mid-plane of the sample. The spatial heterogeneity can be observed in the amplitude. 
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Figure 9. Micrographs of (a) Z plane of conventional sample, (b) X-Y plane of DED sample, and (c) Z plane of DED sample. 
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Table 1. Process parameters used in the present study.






Table 1. Process parameters used in the present study.





	Parameter
	Value





	Oxygen and moisture
	<20 ppm



	Laser power
	1000 W



	Speed
	14.4 mm/s



	Powder feed rate
	12.3 g/min



	Powder particle size
	16–44  μ m
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