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Abstract:



Over the past decade, wavelength-dependent neutron radiography, also known as Bragg-edge imaging, has been employed as a non-destructive bulk characterization method due to its sensitivity to coherent elastic neutron scattering that is associated with crystalline structures. Several analysis approaches have been developed to quantitatively determine crystalline orientation, lattice strain, and phase distribution. In this study, we report a systematic investigation of the crystal structures of metallic materials (such as selected textureless powder samples and additively manufactured (AM) Inconel 718 samples), using Bragg-edge imaging at the Oak Ridge National Laboratory (ORNL) Spallation Neutron Source (SNS). Firstly, we have implemented a phenomenological Gaussian-based fitting in a Python-based computer called iBeatles. Secondly, we have developed a model-based approach to analyze Bragg-edge transmission spectra, which allows quantitative determination of the crystallographic attributes. Moreover, neutron diffraction measurements were carried out to validate the Bragg-edge analytical methods. These results demonstrate that the microstructural complexity (in this case, texture) plays a key role in determining the crystallographic parameters (lattice constant or interplanar spacing), which implies that the Bragg-edge image analysis methods must be carefully selected based on the material structures.
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1. Introduction


Due to its high penetration depth, the neutron is a unique probe for studying the structure of diverse materials (such as functional energy materials) in a non-destructive manner [1,2,3,4]. One of the most common neutron techniques is neutron diffraction. Diffraction is based on the interaction between neutrons and the crystal structure in a defined gauge volume that is in the order of cubic millimeters (mm3). This enables the characterization of atomic structures of materials, such as the lattice parameter and crystallographic texture. A variety of sample environments (load frame, heating furnace, levitation equipment, etc.) have enabled more complex dynamic or real-time microstructure measurements [5,6,7,8,9,10]. Moreover, attenuation-based neutron imaging has been widely adopted to visualize micron-scale structures inside materials (porosity, density inhomogeneity) [11,12,13]. Compared to other imaging techniques such as X-ray imaging, neutron imaging has unique capabilities that allow measurement of bulk components as well as detection of lightweight elements (hydrogen and lithium) [14,15,16].



Recently, wavelength-dependent neutron radiography or Bragg-edge imaging has received growing attention due to its promising capability of providing quantitative spatial information regarding the atomic and internal structures of bulk components [17,18]. Wavelength-resolved neutron radiography has made a rapid advance due to the development of the boron-doped micro-channel plate (MCP) neutron detectors with sufficient time resolution and detection efficiency [19,20]. Other types of neutron detectors with different capabilities (counting rate, spatial resolution) have been utilized [21,22]. The wavelength-resolved transmission spectrum displays Bragg features (abrupt changes in the transmission called Bragg edge) resulting from the interaction of neutrons with the crystalline structure of a material, as governed by Bragg’s law. Specifically, Bragg edges are related to coherent elastic scattering, which is due to the diffraction of neutrons in the sample at all Bragg angles ([image: ]). When the neutron wavelength is shorter than or equal to [image: ], neutrons are scattered by the (hkl) plane; thus, the transmitted intensity is reduced. However, neutrons with wavelengths longer than [image: ] are not scattered by the (hkl) plane, which leads to a considerable increase in the transmitted intensity, resulting in the sharp steps (Bragg edges). This technique enables the study of spatially resolved lattice strain [23,24], crystallographic grain orientation [25,26,27], and phase distribution [17,28]. Theoretical and mathematical approaches to fit and interpret the transmission spectra have been proposed and applied to several engineering materials [29,30,31,32,33].



In the present research, Bragg-edge neutron radiography investigates microstructures of metallic powder and additively manufactured (AM) Inconel 718 samples. The rationale behind the choice of materials was to confirm that the microstructural complexity (in this case, texture) affects the crystallographic parameters (lattice constant or interplanar spacing) extracted from Bragg-edge imaging. For instance, the powder samples are free of texture whereas AM Inconel 718 samples are strongly textured. Two analytical methods that we have recently implemented (such as theoretical Bragg-edge modeling and phenomenological function, which will be described in detail in the following sections) were used and the derived parameters compared with each other. Moreover, neutron diffraction measurements at SNS’s VULCAN engineering materials diffractometer [34] were conducted to validate the results obtained from both approaches.




2. Materials and Methods


2.1. Bragg-Edge Neutron Radiography at SNS SNAP and Neutron Diffraction at SNS VULCAN Beamlines


The neutron radiography experiments reported in this paper were conducted at the Spallation Neutron Source (SNS) Spallation Neutrons and Pressure Diffractometer (SNAP) beamline. The MCP detector has a field of view of 2.8 × 2.8 cm2 with a pixel size of 55 × 55 μm2 [20]. The time resolution used for these measurements was 10 μs. The sample-to-moderator distance was calibrated by means of a Si powder sample and was determined to be, depending on the experimental setup, at a distance between 15 and 16 m. The MCP detector was delayed by 4.5 ms (the delay value of 4.5 ms is only relevant at 16 m. It is a smaller value at 15 m) using a TTL generator that received the t = 0 signal from the first bandwidth chopper. The sample was placed as close as possible to the detector while maintaining space for the load frame and furnace. Data were collected at 60 Hz, the pulse frequency of the SNS facility. Further details on the calculation of wavelength from time-of-flight (TOF) and experimental configuration of the Bragg-edge radiography at SNS can be found in reference [35].




2.2. Powder Samples


Commercially available pure Ni and Ni39Cr11 (in wt. %) powders with a purity higher than 99.9% and the rotary atomized powder of the Ni base Inconel 718 superalloy (the chemical composition is given in Table 1 [36]) were loaded in aluminum cans. These samples were placed in front of the MCP detector and radiographs were measured for an hour at room temperature. In addition, the pure Ni powder sample was loaded into a vanadium can and measured in situ at different temperatures (room, 573 K, and 873 K) with the sample being held at constant temperature during each measurement. The VULCAN vacuum furnace was utilized for heating experiments, which resulted in the distance of the sample to the detector increasing to 13 cm, as compared to 2 cm for room temperature measurements. Figure 1 displays a layout of the VULCAN furnace. The furnace heating is done by radiative heating with a niobium foil element driven by a high current power supply. The shield and heating elements are thin, and the external body is made of aluminum, which allow high amounts of transmission neutrons.


Figure 1. A layout of the VULCAN furnace.
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Table 1. Nominal chemical composition of Inconel 718 powder in weight percent (wt. %) [36].







	
Element

	
Ni

	
Fe

	
Cr

	
Mo

	
Nb

	
Cu

	
Al

	
Ti

	
C






	
wt. %

	
Balance

	
18.5

	
18.5

	
3.0

	
5.0

	
0.15

	
0.5

	
1.0

	
0.05











2.3. AM Inconel 718 Block


The samples were fabricated using rotary atomized Inconel 718 powder. Two types of bulk blocks were built using electron beam melting (EBM) at the ORNL Manufacturing Demonstration Facility (MDF). The orientation of the microstructures of the AM blocks were selected by assigning specific EBM strategies (strong texture) [37]. One sample was composed of a homogeneous columnar grain structure and a preferred orientation of (001) plane (single columnar structure: identified in this manuscript by “single Col.”). Another sample contained the preferred orientation of (001) plane with a different grain distribution (dual columnar structure: identified in this manuscript by “dual Col.”).



Dog-bone samples with a thickness of 3 mm, a width of 10 mm, and a gauge length of 40 mm were machined for the in situ tension loading experiments. The University of Tennessee’s load frame [24] was placed in front of the MCP detector. Neutron transmission measurements were made at room temperature under stress holding mode at four stress levels: 15 (reference), 200, 400, and 550 MPa. Neutron radiographs were collected over 20-min periods at each stress level. To validate the imaging results, neutron diffraction experiments were performed on similar (and previously unloaded) AM Inconel 718 samples at VULCAN. Two detectors, which are fixed at an angle of 45° to the loading direction, collected the diffracted beams from the polycrystalline grains with lattice planes parallel to the transverse and axial directions, respectively. Therefore, the lattice parameters of the constitutive phases can be measured simultaneously both parallel and perpendicular to the loading direction. A direct comparison between the perpendicular direction of the diffraction data and the transmitted Bragg-edge data is reported here. The (hkl) interplanar spacings were determined from the diffraction data via a single peak fitting approach employing VULCAN Data Reduction and Interactive Visualization (VDRIVE) software [38].





3. Quantitative Data Analysis of Bragg Edges


3.1. Phenomenological Bragg-Edge Analysis (iBeatles)


Similar to diffraction techniques, the Bragg edge can be analyzed by fitting the phenomenological function [39]
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(1)
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where [image: ] is the position of the Bragg edge, [image: ] and [image: ] are the width and asymmetry of the edge, respectively, and [image: ],[image: ],[image: ] and [image: ] are constants responsible for the two linear functions. The edge profile [image: ] represents a normalized Gaussian integral [image: ] convoluted with a cut-off decaying exponential [image: ] [40,41]. The model function provides four parameters (position, width, asymmetry, height of the edge). It has been reported that the resolution of interplanar spacing is not just determined by the energy resolution of the experimental setup (width of moderated neutron pulse [image: ]), but by the shift in the Bragg edge of the sample as well. The Bragg-edge fitting approach using an analytical function allows for accurate determination of the Bragg edge position with improved resolution to ~100 microstrain (μɛ) [32,39,42]. We have recently developed a Python-based graphical user interface (GUI), the so-called iBeatles [43], which facilitates automated data processing, analysis, and mapping reconstruction of the structural parameters (such as interplanar spacing) onto the radiograph. In the following results sections, the Bragg-edge radiographs are analyzed using the iBeatles software to extract the above-mentioned microstructure features and construct two-dimensional (2D) pixel-by-pixel maps of interplanar spacing.




3.2. Theoretical Model Based on Materials Properties, Scattering Properties, and Instrument Characteristics


The transmission [image: ] of a neutron beam through a polycrystalline material, containing a crystalline phase (cp), is given by


[image: ]



(3)




where [image: ] is the attenuated neutron intensity experienced by the incident intensity [image: ], [image: ] is the total cross-section for a unit cell of the crystalline phase, [image: ] is the thickness of the crystalline phase, and [image: ] is the number of unit cells per unit volume. The total cross-section results from five scattering effects represented by the absorption cross-section [image: ], incoherent elastic cross-section [image: ], incoherent inelastic cross-section [image: ], coherent inelastic cross-section [image: ], and coherent elastic scattering cross-section [image: ]. In general, the first four components ([image: ], [image: ], [image: ], and [image: ]) are influenced by the composition and temperatures and have a smooth and continuous dependence as a function of the neutron wavelength (generally considered to vary as 1/v where v is the neutron velocity), and can be calculated from previous studies [44,45]. More importantly, the coherent elastic scattering cross-section depends on the crystalline structure properties (i.e., lattice structure, parameter, and orientation). To fit the coherent elastic scattering cross-section of a polycrystalline material, we have proposed the following expression:


[image: ]



(4)




where [image: ] is the volume of the unit cell, [image: ] is the structure factor, and [image: ] is the (hkl) interplanar spacing. [image: ] accounts for the distribution of the crystallite orientation, which is calculated using the modified March–Dollase function [46], and [image: ] is Sabine’s primary extinction function needed to consider the crystallite size effect [47]. Briefly, the March–Dollase function [[image: ]] in Equation (4) includes two adjustable parameters; the degree of crystalline anisotropy ([image: ]) and the most probable angle of preferred orientation ([image: ]), which addresses the crystallographic orientation distribution. For example, [image: ] = 1 indicates random orientation distribution, whereas anisotropic orientation distribution can be introduced by varying values of [image: ]. The ‘[image: ]’ factor determines angular position of the most probable grains. The Sabine’s primary extinction function [[image: ] takes crystallite size into consideration (where S is a value that is related to the crystallite size); for example, as ‘S’ increases, the transmitted neutron intensity decreases due to the primary extinction phenomenon [48]. The last term [image: ] is the Bragg- edge profile function used to describe the edge broadening due to the width of the neutron pulse, strain, and microstructure of the sample [46]. In the present study, we have implemented this Bragg- edge model into a Python code (Lin, J.Y.Y., and Song, G., Bragg-edge modeling, 2017), which allows fitting the experimental results by adjusting the parameters, such as lattice parameter, the degree of crystalline anisotropy, and the most probable angle of preferred crystalline orientation. We are currently working on developing a Python-based interface that will expedite automated data processing, quantitative data analysis, and visualization of the crystallographic structures in two dimensions in materials. Thus, in the following section, this approach will be limited to the structural data analysis for certain regions of interest or whole sample areas.





4. Results and Discussion


4.1. Powder Sample Measurements


Face-centered cubic (FCC) pure Ni, Ni39Cr11, and Inconel 718 powder samples were investigated using Bragg-edge radiography at room temperature at SNAP. Inconel 718 is known to be strengthened by γʹ, γʺ and δ precipitates whose volume fraction in the peak aged condition is less than 20 vol. % [49,50] (the composition of each precipitate is available in [51]). However, in the current study, the powder and AM samples have not been subjected to heat treatment, and were, thus, expected to contain less precipitates. Indeed, the Bragg edge features from the strengthening precipitates were not observed in the imaging results, which indicate limited volume fraction and low contrast. Therefore, the present study will focus mainly on the analysis of the solid solution FCC phase. Powder samples contain random distributions of grains (homogeneous microstructure) and, thus, Bragg edges do not exhibit texture-related features. For instance, a radiograph obtained from pure Ni powder at a wavelength of 3.52 Å (close to the 200 Bragg edge), shown in Figure 2a (radiograph in gray scale), displays a featureless dark contrast. Therefore, the selected region’s transmission of the sample, as denoted by a red region in Figure 2a, was averaged and analyzed for the structural analysis of the powder. Figure 2a presents relative transmission spectra of the pure Ni, Ni39Cr11, and Inconel 718 powder samples. For all powder samples, well-defined Bragg edges (abrupt increase in intensity) associated with the FCC structure are clearly observed with slightly-different edge positions due to the difference in interplanar spacing.


Figure 2. (a) Measured relative transmission spectra (i.e., uncorrected for sample thickness) of pure Ni, Ni39Cr11, and Inconel 718 powder samples. Neutron transmission radiograph in (a) displaying the dark sample contrast was obtained at a wavelength near the (200) Bragg edge. Comparison between experimental and fitting results of the (111) plane using (b) iBeatles and (c) Bragg-edge modeling, respectively.
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The Bragg edges indexed in Figure 2a correspond to the (hkl) planes of the FCC phase oriented perpendicular to the incident neutron beam; thus, the edge position corresponds to [image: ]. The (hkl) interplanar spacings of the powder samples were extracted by fitting the Bragg edges in Figure 2a using the two methods described in the “Quantitative data analysis of Bragg edges” section. The fitting results based on iBeatles and Bragg-edge modeling are presented in Figure 2b,c, respectively, for the (111) pure Ni powder. Both fitting curves are in good agreement with the experimental spectra. The extracted interplanar spacing values from the fitting of (111) and (200) planes are listed in Table 2. For comparison, the interplanar spacings derived from neutron diffraction measured at VULCAN are also included in Table 2. The interplanar spacings obtained from the different techniques are consistent with each other and exhibit a gradual increase due to the solid solution effect in Ni39Cr11 and Inconel 718.



Table 2. The (111) and (200) interplanar spacings (in Å) of pure Ni, Ni39Cr11, and Inconel 718 powder samples derived by neutron diffraction and transmission results. The transmission results were analyzed by iBeatles and Bragg-edge modeling fitting. The values in parentheses represent the fitting error.







	
Plane

	
Technique

	
Pure Ni

	
Ni39Cr11

	
Inconel 718






	
111

	
Diffraction

	
2.03376

(0.00003)

	
2.04896

(0.00004)

	
2.07573

(0.00008)




	
iBeatles

	
2.03683

(0.00062)

	
2.05091

(0.00069)

	
2.07839

(0.00450)




	
Bragg-edge modeling

	
2.03258

(0.00003)

	
2.05009

(0.00003)

	
2.07629

(0.00002)




	
200

	
Diffraction

	
1.761392

(0.00004)

	
1.77440

(0.00003)

	
1.79766

(0.00006)




	
iBeatles

	
1.76392

(0.00420)

	
1.77497

(0.00082)

	
1.79474

(0.00057)




	
Bragg-edge modeling

	
1.76180

(0.00007)

	
1.77441

(0.00006)

	
1.79719

(0.00005)










In situ heating of the pure Ni powder sample was carried out to 873 K to study the evolution of the Bragg edge features as a function of temperature. One representative radiograph of the sample at room temperature is shown in the inset of Figure 3a, and the red region was selected to retrieve an average relative transmission spectrum at each temperature. Figure 3a displays the relative transmission spectra at room temperature, 573 K, and 873 K. As the temperature increases, the position and height of the Bragg edge varies. Specifically, the Bragg edge position values (i.e., interplanar spacings) gradually increase due to thermal expansion. The spectra in Figure 3a were quantitatively analyzed to extract the (111) and (200) interplanar spacings using the iBeatles and Bragg-edge modeling, respectively, and the values are listed in Table 3. The extracted values between the aforementioned fitting methods are in fair agreement. The temperature-dependent lattice strains ([image: ]) were calculated using


[image: ]



(5)




where [image: ] and [image: ] represent the interplanar distance of the strained and unstrained conditions, respectively. Linear coefficients of thermal expansion (CTE) were derived by linear fitting the thermal strain vs. temperature in Figure 3b; the values are 1.577 × 10−5 K−1 and 1.756 × 10−5 K−1 for the Bragg-edge modeling and iBeatles, respectively. The value obtained from the Bragg-edge modeling is in better agreement with the average CTE of a commercial Ni (1.55 × 10−5 K−1 from 293 to 873 K) [52]. The fitting error for iBeatles is larger than that for Bragg-edge modeling but they are in fair agreement with each other considering the fitting error. Moreover, the height gradually decreases, especially after the (111) edge in Figure 3a. Based on the Bragg-edge modeling results, the value of Sabine’s function, which is related to the crystallite size, gradually increases. Thus, the height reduction is believed to be caused by the grain growth.


Figure 3. (a) Measured transmission spectra of a pure Ni powder sample during in situ heating to 873 K. Neutron transmission radiograph in (a) is displayed at a wavelength near the (200) Bragg edge. (b) Plot of thermal lattice strains as a function of temperature and linear fittings of the pure Ni powder based on the interplanar spacing values obtained by the iBeatles (red circles) and Bragg-edge modeling (black squares), respectively.
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Table 3. The (111) and (200) interplanar spacings (in Å) of pure Ni powder sample at room temperature, 573, and 873 K obtained by iBeatles and Bragg-edge modeling fittings. The values in parentheses represent the fitting error.







	
Plane

	
Technique

	
Room

	
573 K

	
873 K






	
111

	
iBeatles

	
2.03701

(0.00067)

	
2.04188

(0.00060)

	
2.05736

(0.00100)




	
Bragg-edge modeling

	
2.03569

(0.00001)

	
2.04354

(0.00002)

	
2.05406

(0.00002)




	
200

	
iBeatles

	
1.76368

(0.00185)

	
1.77218

(0.00535)

	
1.78153

(0.00126)




	
Bragg-edge modeling

	
1.76311

(0.00003)

	
1.77098

(0.00005)

	
1.77916

(0.00005)











4.2. Microstructural Characterization of AM Inconel 718 Components


In this section, two AM Inconel 718 parts with different microstructures are investigated using Bragg-edge imaging. Figure 4 illustrates the two AM Inconel 718 parts and extracted tension samples. One component contained a strong cube texture homogenously distributed throughout the sample (single Col. sample), whereas spatial inhomogeneity of crystallographic texture was introduced to the other sample (dual Col. sample). The neutron imaging results were analyzed using iBeatles to extract the crystallographic features, such as lattice parameter, and to construct a 2D strain map. These Bragg edge results were compared with neutron diffraction for validation. Furthermore, we discuss the influence of the texture on the crystallographic parameters (lattice constant or interplanar spacing) derived by the two fitting methods. As mentioned before, the pixel-by-pixel analysis using the Bragg-edge modeling will be conducted in the future once the automated data analysis software becomes available.


Figure 4. Schematic illustrations of dimension and orientation of single Col. and dual Col., extracted from the additively manufactured (AM) bulk blocks. An electron backscatter diffraction (EBSD) image shows how the columnar grains form in the single Col. sample.
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In situ tension loading tests were conducted from 15 MPa to 550 MPa on the single Col. sample. The single Col. sample was measured with the Y-direction close to the neutron beam during loading. Figure 5 shows the radiographs and relative transmission spectrum for the single Col. sample at 15 MPa. The wavelength-dependent radiographs in Figure 5a–c were obtained at a wavelength close to the (311), (220), and (200) edges, respectively. Note that the wavelength near the edges was selected since the radiograph shows the microstructural features more clearly as compared to other wavelengths. These radiographs display weak stripe features along the oblique direction. The stripe features resemble the columnar grain structure observed in the electron backscatter diffraction (EBSD) image (Figure 4), which indicate that the radiography contrast results from the orientation of groups of grains averaged through the sample thickness. The transmission spectrum averaged over the selected white region in Figure 5d exhibits the strongly anisotropic grain distribution (for example, the strong (200) Bragg edge and the absence of the (111) edge), compared to the powder spectrum in (Figure 2a). In the given measurement geometry, no (111) grain is oriented perpendicular to the incident beam, which explains the absence of the (111) Bragg edge around 4.15 Å. A comparison of the transmission spectra for different regions of the sample reveals no obvious variation in the spectra shapes, which indicates homogenous distribution of the crystalline orientation throughout the sample.


Figure 5. Transmission radiographs obtained at the narrow range of wavelength near the (a) (311), (b) (220), and (c) (200) Bragg edges and (d) transmission spectrum combined from all the pixels within the white rectangle in (c) for the single Col. sample before loading (15 MPa: reference loading).
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The transmission spectra of the single Col. sample in Figure 5d at different loadings were analyzed by fitting the (200) Bragg edge, using iBeatles to extract its position (Figure 6a). Based on the (200) interplanar spacing, the elastic strain [image: ] was derived from Equation (5). Similarly, in situ tension loading experiments were carried out at VULCAN using neutron diffraction for the single Col. sample. For comparison, the elastic strain evolution from the diffraction and transmission results are presented in Figure 6b. Figure 6c displays the configuration of in situ loading neutron diffraction at VULCAN. More details of the in situ loading neutron diffraction results on the single Col. sample will be reported elsewhere. The diffraction and imaging results in Figure 6b, acquired from the large sample volume (diffraction ≈ 3 × 3 × 3 mm3, transmission ≈ 2 × 3 × 5 mm3), show the consistent trend that the overall elastic strain of the (200) plane increases linearly with increasing applied stress (elastic deformation stage). Furthermore, the reconstruction of the (200) strain map was achieved by averaging 10 [image: ] 10 pixels on the radiographs (corresponding to a binning pixel size of 550 [image: ] 550 μm2) to study the distribution of the elastic strain during in situ loading (Figure 6d). A binning smaller than 10 [image: ] 10 gives rise to excessive statistical noise (i.e. a reduction in the strain accuracy), due to the relatively short acquisition time (20 min). The strain map in Figure 6d shows a few dark and bright areas, which should indicate high tensile and compressive strain. However, the corresponding Bragg edge spectra (not displayed here) of these binned pixels show that the abnormally strained sites seem to result from the low statistical data, which implies a longer measurement time is required to perform a more accurate mapping analysis. Despite the limited statistics, the (200) strain map from the single Col. sample exhibits the general trend of a gradual increase in the elastic strain as the applied stress increases, which is consistent with the averaged strain evolution in Figure 6b.


Figure 6. (a) iBeatles fitting result of the single Col. Inconel 718 sample. (b) Strain evolution during tension loading up to 550 MPa determined by in situ neutron diffraction and iBeatles. (c) A schematic illustration of neutron diffraction configuration for in situ tension loading measurements at VULCAN. (d) Strain mapping of the (200) Bragg edge during in situ loading up to 550 MPa. The unstrained value of λ0 edge position was determined from the fitting of the unstrained sample in (a) (15 MPa). The strain mapping was conducted over the sample area of 19.25 [image: ] 8.25 mm2 with 10 [image: ] 10 binned pixels. The color scale represents strain values in microstrain (μɛ).
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The dual Col. sample was measured using Bragg-edge radiography to characterize the microstructure and strain distribution (without loading). Figure 7 shows the transmission radiographs and relative transmission spectra for the dual Col. sample. The radiographs in Figure 7a– c were obtained at wavelengths close to the (311), (220), and (200) edges, respectively. The Bragg-edge radiographs show a strong contrast variation between the left and right sides of the sample, indicating the inhomogeneous microstructure in this sample. Specifically, the left side of the sample is uniform and featureless with weak horizontal stripes, which indicate the columnar grain forms along the Y-axis. In contrast, the right side shows inhomogeneous contrast, reflecting different grain morphology, as compared to the left side. The transmission spectra were obtained from the yellow area in Figure 7c. Particularly, in this position with respect to the beam, the dual Col. sample displays a strong (200) Bragg edge with no presence of the (111) edge (no (111) grain in this given measurement configuration). Transmission spectra in Figure 7d obtained from the left (blue square) and right (red square) sides of the dual Col. sample in Figure 7c exhibit a slight difference in the (200) edge shape (see red and blue spectra in Figure 7d).


Figure 7. Radiographs obtained at wavelengths near the (a) (311), (b) (220), and (c) (200) Bragg edges and (d) transmission spectra of the dual columnar structure of Inconel 718. The transmission spectra were acquired by selecting different regions, as marked by blue, red, and yellow rectangles in the radiograph in (c).
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Similar to the single Col. sample, data analysis was performed on the dual Col. sample by fitting the (200) Bragg edge in 10 [image: ] 10 binned pixels, as illustrated in Figure 8a. In Figure 8b, the (200) interplanar spacing map shows a large distribution of interplanar spacing from 1.7 to 1.8 Å. Moreover, the data points with low interplanar spacings are mainly distributed in the area that corresponds to the distribution of grains along the beam direction (see Figure 8a). Considering the (200) interplanar spacing of 1.797 Å determined from the fitting of the single Col. sample in Figure 6a, the abnormally low interplanar spacing of 1.7 Å corresponds to 55,000 με (see Figure 6b for comparison), and such a high strain value is not possible in the sample. Therefore, neutron diffraction mapping measurements were conducted over a sample area of 10 × 15 mm2 with a gauge volume of 2 × 3 × 3 mm3 (width × height × depth). By moving the sample at horizontal and vertical intervals of 1 mm (9 points) and 3 mm (5 points), respectively, 45 measurements were obtained (Figure 8c). For direct comparison with imaging, the (200) peak was analyzed using a single peak fitting to obtain the distribution of interplanar spacing, as presented in Figure 8d. The diffraction-based (200) plane map shows a slight variation of interplanar spacing distribution, but the range is significantly lower (1.796 to 1.800 Å) than for imaging (see Figure 8b).


Figure 8. (a) A (200) Bragg-edge radiograph displaying the imaging data analysis details, and (b) the distribution of the (200) interplanar spacing (d200) for the dual Col. sample (no loading) determined by iBeatles fitting. The mapping analysis was conducted over a sample area of 19.25 [image: ] 8.80 mm2 and the value in each point is based on fitting spectra in 10 pixel [image: ] 10 pixel areas. (c) A photograph of the dual Col. sample showing the coordinate of the neutron diffraction scanning method, and (d) the distribution of the (200) interplanar spacing for the dual Col. sample derived from neutron diffraction.
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Since the width of the Bragg edge is known to be influenced by microscopic strain and instrument parameters [31,53], the width of the Bragg edge ([image: ]) was examined from the iBeatles fitting results. The maps of the (200) Bragg edge width ([image: ]) for the dual Col. sample, which is a measure of edge sharpness, are shown in Figure 9a. Interestingly, the distribution of the edge width for the (200) plane is similar to that of the interplanar spacing in Figure 8b. Particularly, the left part of the dual Col. sample shows a narrow edge width (less than 0.03), but the right part exhibits higher values (up to 0.188), as seen in the brighter color points. Representative data points were selected, as marked by the black circles and arrows in Figure 9a, to plot the transmission spectra, as displayed in Figure 9b. The Bragg edges obtained from the circles are sharp and have narrow widths, comparable to the ones in Figure 7d. However, Bragg edges with considerably larger widths are observed on the right side of the sample (edges obtained from the arrows) where the interplanar spacing is smaller. As mentioned before, such a high strain (low interplanar spacing) cannot be accommodated and the effect of instrument parameters can be ruled out in this present study. In the past, the significance and influence of texture structure on the shape of the wavelength-dependent transmission spectrum has been reported using both theoretical and experimental approaches [25,54]. Thus, grain orientation (crystallographic texture) was postulated to be another effect dominating the broadened Bragg edge. Texture can affect the analysis performed by iBeatles since the code is based on a single Bragg-edge analysis in which the edge is generated exclusively by the grains oriented perpendicular to the incident beam. In other words, iBeatles can give rise to misleading quantitative analysis of Bragg edges affected by other microstructural features, such as secondary phase and strong crystallographic grain orientation.


Figure 9. (a) Distribution of the (200) Bragg edge width ([image: ]) determined by iBeatles fitting. The mapping was conducted over the sample area of 19.25 [image: ] 8.80 mm2 and the value in each data point is based on a spectrum obtained by applying a 10 [image: ] 10 pixel binning. (b) Transmission spectra selected from the data points in (a), denoted by arrows and circles. (c) Fitting transmission spectra calculated by Bragg-edge modeling, and (d) distribution of the crystallite orientation [image: ] for (200) grains as a function of wavelength extracted from the modeling results in (c).
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To justify this hypothesis, the Bragg edges selected from Figure 9b were analyzed using Bragg-edge modeling, as shown in Figure 9c. In this analysis, the (200) interplanar spacings and orientation-related factors, such as the degree of crystalline anisotropy ([image: ]) and the most probable angle of preferred orientation ([image: ]), were taken into consideration while the broadening parameters [[image: ]] were fixed. The (200) interplanar spacings retrieved from the two most accurate (i.e. minimum error) fittings are identical (≈1.7992 Å). However, the orientation fittings show that the difference in the observed broadening is affected by the distribution of the grain orientation ([image: ]). The [image: ] distribution from the March–Dollase function accounts for the crystallographic distribution of the crystal lattice planes with respect to the beam direction. For instance, the [image: ] distribution in Figure 9d shows the distribution of the grain orientation. Specifically, the difference in the distribution of the (200) pole density (Figure 9d) gives rise to the broadened (200) Bragg edge (Figure 9c). Based on these results, the Bragg-edge theoretical modeling is considered a more advanced and accurate method that provides quantitative information regarding crystal structure, lattice spacing, and angular orientation of grains for complex-structured materials with strong texture, dual phases, or structural inhomogeneity.





5. Conclusions


We have investigated the crystal structures of metallic powders and additively manufactured Inconel 718 samples using wavelength-dependent neutron (Bragg-edge) imaging. To quantitatively analyze the Bragg-edge spectrum—for instance, precisely extract lattices or (hkl) interplanar spacings—two different analytical fitting methods employing phenomenological (iBeatles) and materials-scattering instrument-based (Bragg-edge modeling) calculations were applied. Neutron diffraction was performed to validate Bragg-edge imaging retrieved by the two analysis methods. For the powder samples (pure Ni, Ni39Cr11, and Inconel 718) with the random grain orientation (no texture), the two methods successfully estimated the lattice spacings and coefficient of thermal expansion. However, the complex grain anisotropy (strong texture) in the AM Inconel 718 samples gives rise to the broadening phenomenon of Bragg edges, yielding an underestimation of the interplanar spacing by iBeatles analysis. By considering the grain orientation in the Bragg-edge modeling, the modeling results show good agreement with neutron diffraction. This study suggests that the quantitative analysis of wavelength-dependent neutron imaging results should be carefully conducted by a proper analysis method depending on the microstructure of the materials.
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