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Abstract

:

Energy-resolved neutron transmission imaging is used to reconstruct maps of residual strains in drilled and cold-expanded holes in 5-mm and 6.4-mm-thick aluminum plates. The possibility of measuring the positions of Bragg edges in the transmission spectrum in each 55 × 55 µm2 pixel is utilized in the reconstruction of the strain distribution within the entire imaged area of the sample, all from a single measurement. Although the reconstructed strain is averaged through the sample thickness, this technique reveals strain asymmetries within the sample and thus provides information complementary to other well-established non-destructive testing methods.
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1. Introduction


Energy-resolved neutron imaging and its related applications have seen quite substantial progress over recent years due to the development of bright pulsed neutron beamline facilities [1,2,3,4] at neutron spallation sources, as well as recent development in fast neutron counting detectors operating in a time-of-flight mode at high counting rates [5,6]. This imaging mode provides unique opportunities to non-destructively study various crystallographic properties for both polycrystalline and single crystal materials [7,8,9,10,11,12,13], to study the elemental and isotopic composition of samples [14,15,16], to remotely map temperature [17,18], in some cases, to measure pressure within sealed samples [19], to image magnetic fields [20], to optimize the processes of crystal growth [21], and many others. The present short article demonstrates the possibility of reconstructing macroscopic residual strain maps with sub-mm spatial resolution across an entire field of view, all from one measurement, without the need to scan across the sample. This technique has already been proven to provide reliable quantitative information on strain by correlation of the results with well-established diffraction, contour and incremental hole drilling methods [11,22,23]. Reconstruction of strain from energy-resolved imaging has its limitations, as it only measures the strain averaged through the sample thickness in the direction of neutron propagation. In the case of non-planar sample geometry, such averaging complicates the analysis of measured data: or rather makes meaningful reconstruction impossible without a priori knowledge about the sample. However, there are multiple applications where such averaging is very valuable, such as in the case of linear welds [24].



In the present study, we investigate the residual strain distribution around drilled and cold-expanded holes within 5-mm and 6.4-mm-thick aluminium plates; these are relevant for the aircraft industry, where the integrity of these holes is very important, as thousands of riveted joints exist in each airplane. The process of cold expansion for riveted assemblies is widely used in aircraft manufacturing for the enhancement of the fatigue performance. The distribution of strains produced during such treatment defines the mechanical stability of the component and relevant joints. In addition, to increase the reliability and lifetime of these joints, not only are these holes treated by a cold expansion procedure, but reinforcement by special laminates is also being investigated at the present time. GLARE (glass-reinforced aluminium laminate) is one of the possible solutions being considered for fatigue resistance in critical areas for aerospace applications [25,26,27]. Such laminates typically consist of several thin layers of metal (typically aluminium) interspersed with bonded layers of glass fibers. In this experiment, we have studied drilled and cold-expanded holes both in bare aluminium plates and plates reinforced with a ~4-mm-thick GLARE laminate consisting of 6 pairs of aluminium/glass fiber layers.




2. Materials and Methods


2.1. Samples


Figure 1 shows photographs of the aluminum plates with holes used in the present study. Plate P1 manufactured from 2624-T351 aluminium alloy had three holes, ~6 mm in diameter. After drilling, two of them were cold expanded, and one of those had a rivet installed in the plate. The two cold-expanded holes had a final diameter of 6.27 mm after split-sleeve cold expansion treatment, which consists of pulling an oversized mandrel through a lubricated split-sleeve. This process introduces residual stresses in area adjacent to the hole [26,27]. One side of the plate had GLARE reinforcement. Plate P2 had a similar configuration, except there was no GLARE attached to that plate. Plate P3 (not shown in Figure 1) contained one drilled hole and one cold-expanded hole with no GLARE structure. All the measurements of strain in the direction perpendicular to the face of the plate (through-plate direction) were performed on the as-received plates as shown in Figure 1. Subsequently, the plates were cut into ~6 × 6 cm2 squares centered around each hole. These cut plates were used in the measurements of strain in “edge-on” orientation with neutrons propagating perpendicular to the direction of the axis of the hole.




2.2. Experimental Set-Up


The measurements were performed at the ENGIN-X neutron beamline [28] at the ISIS spallation neutron source, Rutherford Appleton Laboratory, UK. The distance of the detector active area camera to the source was about 50 m. The time-of-flight technique was used to reconstruct the energy of each registered neutron. A fast neutron counting detector with Microchannel Plates (MCPs) and Timepix readout, built at the University of California at Berkeley in collaboration with Nova Scientific [6,29], was used for the detection of neutrons. The detector has a 512 × 512 matrix of 55 µm square pixels, with Ø28 mm field of view. The unique capabilities of this detector to register a neutron transmission spectrum in each 55 µm pixel of the resulting data set enables simultaneous measurement of >200,000 transmission spectra in one experiment, all acquired at the same time without the need to scan through the energy range. The transmission spectra were measured with 4.48 µs time binning for the neutron time-of-flight ranges around multiple Bragg edges. All measured spectra were normalized by the spectrum taken with no sample present in the beam to correct for the spectral features of the interrogating beam and the spatial non-uniformity of both the detector response and the neutron beam itself.




2.3. Reconstruction of Residual Strain from the Measured Transmisison Spectra


Multiple crystallographic parameters can be reconstructed from the neutron transmission spectra by Rietveld-type analysis [8,9,10], where the entire transmission spectrum range is used. In some cases, such analysis can reconstruct the preferred orientation in the material, distribution of grain sizes and other parameters. However, performing Rietveld-type analysis on the >200,000 spectra needed for the reconstruction of a single map is still quite a challenge in terms of computation time. Scanning through many points in a conventional neutron diffraction experiment can also reveal strain in two orthogonal directions in each measured point. That well-established technique is used quite often for the reconstruction of strain. Several dedicated strain scanning beamlines exist at both spallation- and reactor-based sources. The transmission Bragg edge imaging presented in this paper does not replace or outperform the diffraction techniques, but rather can provide complementary information in some cases, where averaging along the direction of neutron propagation is acceptable, such as in the case of shoulder weld samples [11]. The possibility of measuring strain within the entire imaged area with relatively high spatial resolution is what makes Bragg Edge transmission imaging unique. In the present study, we were mostly interested in the reconstruction of residual strain in these aluminium plates. Generally, residual strain measurements are conducted with the aim of determining the residual stress, which is a bulk-elastic strain measurement. It is well known also that the lattice strains deviate from the linear respond to the applied stress beyond elasto-plastic region [30], and the bulk strain interpretation has a dependence in the hkl selection. In the present experiment, our analysis was limited to the part of the transmission spectrum around the largest (111) Bragg edge, similar to previously reported strain mapping [11,12,24,31]. The (111) Bragg edge was chosen for the analysis of the strain distribution as it provides the largest signal in the entire measured spectrum. The limited neutron flux in a small area (ideally a 55 µm pixel) did not allow an accurate reconstruction of Bragg edge positions for other edges unless spectra for a very large section of the sample were combined into one spectrum, prohibiting spatial mapping of the residual strain across the sample. The measured spectra within the area of a 55 × 55 µm2 pixel were quite noisy due to the limited integration time, which varied between 2 and 6 h per set of samples and due to the fact that 5–6-mm-thick aluminium plates are quite transparent to neutrons, and thus only a small fraction of registered neutrons provides information needed for strain reconstruction. The transmission of the 5–6-mm Al plates in our measurements exceeded 90% when neutrons were propagating along the direction of drilled holes (later referred to as “face-on” orientation). The measured strain was always integrated through the sample thickness, and thus the results in this paper represent the averaged strain in the direction of neutron propagation: for “face-on” orientation it is the integral through the plate thickness; the “edge-on” orientation measured the integral of strain in the direction parallel to the plate surface. For drilled/cold-expanded holes that was an integral of radial and hoop strains, which cannot be separated by this technique. To increase neutron statistics, the transmission spectrum was averaged over a ~2 × 2 mm2 area around each 55 µm pixel, and that averaged spectrum was used for the reconstruction of the Bragg edge position assigned to that pixel. Thus a “~2 mm running average” reconstruction was implemented here with 55 µm shifts between each reconstructed point, rather than a coarse 2 mm spatial binning. A 5-parameter non-linear fit (by Levenberg–Marquardt algorithm) was implemented in the reconstruction of Bragg edge parameters, with edge wavelength λ being one of them (for details please see references [7,8,12,31], with the fit function the same as in reference [7]. The residual strain values were calculated according to the equation ε = (λ−λ0)/λ0, where λ0 is the Bragg edge wavelength of unstrained material. The exact determination of the unstrained value λ0 is a well-known problem for strain reconstruction, both for transmission and diffraction modes. Ideally, a powder of unstrained material should be used to determine the value λ0 as both residual strain and texture can affect the measured value. However, in our measurements, that was not available, and we assumed λ0 from the wavelength of a Bragg edge measured in the area far from the holes. Despite this deficiency of the present analysis, the relative strain maps shown below should still be valid. It can be assumed that the choice for λ0 as the far-field value neglects the strains previously contained in the plate, such as intergranular strains, not related to the process under investigation. All the strain maps were trimmed to the area where the sample was present, despite ~2 mm averaging during reconstruction: the binary masks were created for each sample to exclude the areas outside of the sample during the analysis. The pixels outside of the binary mask were not used when summing up the transmission spectra over the ~2 mm area around the pixel.





3. Results


Figure 2a shows a typical transmission image (integrated over a wide range of energies) of Plate P1 with GLARE reinforcement. Most of the contrast in that image is due to the GLARE, with the structure related to the orientation of glass fibers in the GLARE as the aluminium plate itself is quite transparent to neutrons and shows no features in a white-beam radiography. The white spectrum transmission of the bare aluminium plate was measured to be ~94% (Plate P2), while the reinforced plate P1 had ~69% transmission, with most neutron attenuation occurring within the epoxy of the GLARE structure. The strain map reconstructed from the measured transmission spectra for that hole (drilled only, no cold expansion) shown in Figure 2b measured strain values around the hole of −96 ± 240 microstrain averaged over the direction perpendicular to the face of the plate (negative strain apparently is due to imperfect selection of λ0 which for consistency was assumed to be the same for all the holes in each plate). The λ0 value for the strain reconstruction in that plate was taken as an average over the area around drilled hole and was measured to be 4.6710 ± 0.00113 Å. The uncertainty of λ0 in our measurements corresponds to ~240 microstrain, which propagates to all strain maps measured for Plate P1. There is no noticeable correlation of strain with the location of the hole.



The white beam radiography of the cold-expanded and riveted hole N3 (Figure 2c) shows the location of the washer, the nut and the rivet itself seen as darker areas in that image. The measured transmission spectra for that hole are averaged over the plate and the washers in the area around the hole. This averaging can influence the measured strain values, although in our case the attenuation by the washer was only ~10% compared to the Al plate. Ideally, washer and nut of a different material should be used in this measurement to ensure that there is no overlap of Bragg edges of these two materials. An example, where bcc steel was measured within fcc steel is described in reference [12]. There is tensile strain measured in the area around the hole with an average value of 640 and standard deviation of ±120 microstrain (Figure 2d). Note that the uncertainty of λ0 is larger than the reconstructed strain in Figure 2d due to longer integration time of that image. Therefore the entire strain field could be shifted in that image by ±120 microstrain. The same holes plus hole N1 were also imaged in the “edge-on” configuration, where neutrons propagated parallel to the face of the plate and strain averaged over the plate length in that direction was measured. The white beam radiographies seen in Figure 3a–c have dashed lines indicating the location of the hole in the plate.



The internal structure of GLARE laminate is visible as dark and gray stripes (related to the orientation of glass fibers mixed up with epoxy, which has a much higher scattering cross-section than aluminium, as it contains hydrogen). The strain maps of these three holes in Figure 3d–f clearly demonstrate the difference in strain between the just-drilled hole N2 and the cold-expanded holes N1 and N3 in the same plate. The asymmetry of the cold-expansion procedure, which is related to the direction of manual withdrawal of the tool, is also seen in the holes N1 and N3, exhibiting a V-shaped distribution of strain with opening towards the side where the tool was withdrawn during cold expansion. The horizontal cross-sections through all three holes, shown in Figure 3h demonstrate that compressive strain as high as 1000 microstrain was present in the area adjacent to cold-expanded hole N3. It should be noted that this is the averaged value through the thickness of the plate and therefore strain values can locally be even higher.



Similar values of strain were also measured for the hole N4, drilled and cold expanded in Plate P3, which had no GLARE reinforcement, Figure 4. Two holes, N6 and N7, produced in Plate P3, were measured simultaneously in “face-on” orientation, Figure 5. There was no specific reason for the different diameters of the two holes, available on the same plate P3. The cross-sections through the areas indicated by dotted rectangles, Figure 5c–e, quantify how the average strain changes across the area adjacent to cold-expanded hole N7, where tensile strain reached values as high as ~2000 microstrain relaxing to nearly unstrained values within ~5 millimeter distance from the hole.



3.1. Asymmetry of Strain around Cold-Expanded Holes


One of the advantages of the presented transmission imaging method is its ability to provide strain maps with sub-mm spatial resolution, thus enabling studies of spatial uniformity of residual strains. Two similarly produced cold-expanded holes in Plate P1 and Plate P2 are compared in Figure 6. The exposure time of hole N5 was shorter, and thus the reconstructed strains were associated with higher uncertainties, with a measured value of 1400 ± 480 microstrain, while strain around hole N1 had nearly the same average value, but with less noise, 1420 ± 250 microstrain. The reconstructed strain values at some regions at the edge of the sample reach extreme and fluctuating values of up to ±3000 microstrain, which is caused by the noise in the experimental data for those areas: the ~2 × 2 mm2 averaging of spectra is reduced to a few pixels, only, close to the edge of the sample. During spectral averaging, only those pixels that contain sample can be used in the analysis, thus limiting the averaging to ~1 × 2 mm2 for the straight edge of the sample and even worse for the outside edge of the circle, as seen in Figure 6 at the edge of the active area. However, the asymmetry of tensile strain is very clearly seen in both strain maps, especially in Figure 6b,d, where strain maps are presented as 3-dimensional surfaces. It is that capability of mapping strain continuously through the entire region of interest, rather than for a few selected points, which makes this technique complementary to other more established non-destructive testing methods, such as neutron diffraction.




3.2. Strain Versus Direction of Glass Fibers in the GLARE Laminate


To investigate whether the direction of glass fibers within the reinforcing laminate structure has any influence on the measured residual strain, two samples (with cold-expanded holes N1 and N3 produced in the same Plate P1) were imaged in two orthogonal directions, both in “edge-on” orientation. In one orientation, both plates were mounted in such way that the neutrons were propagating along the plate surface perpendicular to the glass fibers, i.e., perpendicular to the direction marked as “parallel” in Figure 2a (Figure 7a,c for hole N1 and N3, respectively). Then the plates were rotated by 90 degrees such that neutrons were propagating along the plates in the direction parallel to glass fibers in the GLARE structure (Figure 7b,d). The image acquisition time in the latter configuration (parallel to glass fibers) was shorter, resulting in strain maps reconstructed with greater noise, as seen in Figure 7b,d. There is also some difference in the reconstructed strain maps measured for sample N1 and sample N3 when they were mounted in the same orientation with respect to GLARE structure. This can be attributed to the presence of rivet in hole N3 or to the difference in the process of cold expansion, which was done manually and thus was not perfectly reproducible. Within the limitations imposed by these inconsistencies, the results indicate that there were no substantial differences observed between strain maps measured in the direction parallel to GLARE fibers and perpendicular to them, both in the “edge-on” sample orientation.





4. Conclusions


Results presented in this paper demonstrate the capability of energy-resolved neutron imaging to reconstruct maps of residual strain within polycrystalline samples with sub-mm spatial resolution, all from one measurement, across the entire field of view of the detector. The strain values measured around each sample are summarized in Table 2. This technique in no way outperforms or can replace the other more conventional non-destructive strain measurement techniques, based on neutron diffraction, for example. It rather provides complementary information in samples where integration of strain along the direction of the neutron beam is acceptable. In principle, this method allows strain reconstruction with ~100 µm spatial resolution, which is not demonstrated explicitly in this paper, as we had to combine spectra within a ~2 mm area around each 55 µm pixel to compensate for insufficient neutron statistics measured in a single pixel. Brighter neutron sources, stronger neutron-scattering materials compared to aluminium, thicker samples, improved analysis tools—all can potentially increase the spatial resolution of the present method. However, even with the present deficiencies of this technique, it was observed that strain asymmetry around cold-expanded holes can be quantified by this method even for relatively thin (5 and 6.4-mm-thick) aluminium plates. No substantial variation of strain averaged in the direction along the reinforcement glass fibers and in the direction perpendicular to them (both in “edge-on” sample orientation) was observed in the present experiment. No difference was found for the strains normal to the face of the plate (through the sample direction) for plates with and without GLARE reinforcement.
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Figure 1. Photograph of two aluminium plates with holes measured in the present experiment. (a,b) Front and back sides of Plate P1. A GLARE structure was attached to this plate before the holes were drilled; (c) Plate P2 had no GLARE structure attached. The characteristics of the holes are described in Table 1. The aluminum plates were 5 mm thick. 
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Figure 2. (a) White-spectrum transmission image of area around hole N2. The asymmetry in the GLARE structure (related to the orientation of glass fibers) is clearly visible as vertical dark/gray stripes; (b) Map of strain values (in the through-plate direction) measured around hole N2. Strain reconstructed by fitting the edge function into (111) Bragg edge spectrum accumulated around each pixel (running average within ~2 mm area); (c) White spectrum transmission image of hole N3 with bolted rivet. Washer, nut and rivet heads are seen as dark areas around the hole; (d) Map of strain values reconstructed from (111) Bragg edge. 
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Figure 3. (a–c) White spectrum transmission images of samples in edge-on orientation for drilled, cold-expanded and cold-expanded with rivet holes, N2, N1 and N3, respectively. The 6 pairs of GLARE layers are seen as dark sheets in the image. Dashed lines indicate the location of the hole; (d–f) Strain maps in the direction parallel to the plate surface reconstructed from the measured data. The dashed rectangle in (d) indicates the location of the area for the cross-section through the strain maps shown in (h); (g) The (111) Bragg edge spectrum measured for the plates in this orientation (crosses) and the fitted curve; (h) Cross sections through the images (d–f). The gray area in (h) shows the approximate location of the holes. 
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Figure 4. (a) White spectrum image of riveted cold-expanded hole N4 (edge-on view); (b) The measured (111) Bragg edge used for the reconstruction of strain distribution across the sample shown in (c). 
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Figure 5. Residual strain maps reconstructed for holes N6 and N7 in Plate P3, which were measured simultaneously. (a) Measured (111) Bragg edge (crosses) and fitted function (solid line) used for the measurement of edge wavelength; (b) Reconstructed strain map around the holes; (c–e) Cross-sections through the areas shown by dotted rectangles in image (b). 
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Figure 6. Reconstructed strain maps around cold-expanded holes N1 (Plate P2, shown in (a,b)) and N5 (Plate P2, shown in (c,d)). The asymmetry of strain around a hole is better seen in (b,d) representation of same data as in (a,c). 
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Figure 7. Reconstructed strain maps of cold-expanded holes N1 and N3 measured in two perpendicular directions: in (a,c) strain is in the direction along the glass fibers in the GLARE structure marked as “parallel” in Figure 2a; (b,d) strain in the perpendicular direction relative to figures (a,c). The GLARE reinforcement was at the bottom side of each sample. No substantial difference was observed for the strain maps in these two orthogonal directions. 
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Table 1. Characteristics of holes measured in the present experiment. All holes were first drilled in aluminium plates. The GLARE structure attached to samples N1–N3 consisted of 6 pairs of Al and fiberglass layers.
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	Hole N
	Plate N
	Cold-Expanded
	GLARE
	Rivet
	Plate Thickness, mm
	Hole Ø/mm





	N1
	P1
	✓
	✓
	-
	5
	~6



	N2
	P1
	-
	✓
	-
	5
	~6



	N3
	P1
	✓
	✓
	✓
	5
	~6



	N4
	P2
	✓
	-
	✓
	5
	~6



	N5
	P2
	✓
	-
	-
	5
	~6



	N6
	P3
	-
	-
	-
	6.4
	~2.8



	N7
	P3
	✓
	-
	-
	6.4
	~7.7
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Table 2. Summary of approximate peak residual strain values (με) measured within the samples.






Table 2. Summary of approximate peak residual strain values (με) measured within the samples.





	Drilled (N2, N6)
	Cold-Expanded, No Rivet, (Face-on)
	Cold-Expanded, No Rivet, (Edge-on)
	Cold-Expanded, with Rivet, (Face-on)
	Cold-Expanded, with Rivet, (Edge-on)





	~0 ± 240
	1500 ± 240 (N1, N5) 2000 ± 240 (N7)
	−700 ± 240 (N1)
	800 ± 240 (N3)
	−1000 ± 240 (N3, N4)











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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