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Abstract:



A uranium-molybdenum alloy clad in 6061 aluminum has the potential to lead to a wide application of low-enriched uranium fuels, replacing highly enriched uranium for research reactors. A Zr coating acts as a diffusion barrier between the fuel and the aluminum cladding. In this study, U-10Mo (mass %) was coated with Zr using a plasma spray technique recognized as a fast and economical coating method. Neutron time-of-flight diffraction was used to study the microstructure evolution by quantifying the phase fractions of involved phases as well as the texture evolution of U-10Mo and Zr during plasma spray coating with Zr. Quantitative texture analysis revealed that the texture was drastically changed for high coating temperatures, likely due to selective grain growth. Furthermore, the Zr coating showed a preferential orientation, which could be correlated with the initial texture of the uncoated U-10Mo. This could be explained by the epitaxial growth of the Zr on the U-10Mo substrate.
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1. Introduction


The United States government is committed to further strengthening nuclear security and nonproliferation in order to reduce the threat of terrorists acquiring nuclear material. To meet this important mission, the U.S. Department of Energy/National Nuclear Security Agency’s Administration’s Office of Material Management and Minimization (M3) Reactor Conversion Program (CONVERT) minimizes the use of highly enriched uranium (HEU) in civilian applications by working with governments and facilities around the world to convert research reactors to the use of non-weapons-usable low-enriched uranium (LEU) fuels. Each reactor converted not only eliminates the need for HEU at civilian sites but also reduces the amount of HEU being manufactured, stored, and transported where it is at its most vulnerable. In instances where suitable LEU fuels do not exist for particular reactors to convert, the M3 Reactor Conversion Program contributes to the development of new LEU fuels.



Currently, the CONVERT M3 Reactor Conversion Program is developing a high-density, monolithic U-Mo fuel for the research reactor conversion, while at the same time establishing efficient and economic fabrication and manufacturing capabilities. The U-Mo fuel is required to show isotropic properties, such as isotropic thermal expansion, to prevent fuel voids in its application [1,2]. To address this requirement, 10 mass % molybdenum is alloyed to the uranium, which suppresses the orthorhombic [image: ]-U phase and stabilizes the body centered cubic (bcc) [image: ]-U phase [3]. While the microstructure evolution of the fuel material is under research, and the physical properties [4,5,6,7] as well as the crystallographic phases [3,4,6,8], including the time-temperature-transformation (TTT) diagram [9,10], have been investigated by diffraction methods, few studies of microstructural changes, such as texture evolution, resulting from other fuel fabrication process steps are known. These may also cause anisotropy in material properties and therefore require attention.



Furthermore, U-Mo fuel foils will be clad in 6061 aluminum. In order to prevent interaction between the fuel meat and the cladding, a zirconium metal diffusion barrier will be applied to the fuel prior to cladding [1,11,12,13]. Hot roll bonding, electroplating, and plasma spraying [14] after cold rolling have been studied to apply the Zr layer on the U-10Mo (mass %)—referred to as U-10Mo in the following. However, only recently has the bulk microstructure evolution of the U-10Mo foil during spray-coating, which should be studied for a better understanding of the anisotropic behavior of the material, been investigated [15].



The objective of this study, therefore, is to understand the texture evolution in U-10Mo nuclear fuel foils during plasma spray coating with Zr by means of a detailed component analysis of the orientation distribution function (ODF) of the observed textures. While pole figures are frequently used to represent textures, quantitative analysis of the ODF, such as the determination of volume fractions of fibers and components, provides a much more complete picture of the microstructure evolution [16,17,18,19], as it allows for the prediction of metallurgical phenomena such as the recrystallization of [image: ] phase. The ODF analysis for cubic crystal structures is very well known due to the extensive research on steels [20,21,22]. The results of this body of work is applied here to interpret textures in the much less investigated bcc U-10Mo. This report focuses on the texture data; other properties are provided and discussed in another manuscript [15]. Neutrons are an excellent probe for bulk texture measurements of uranium and its alloys, as it probes the entire sample volume, whereas X-ray or electron-based methods at best probe a few micrometers in these materials. Furthermore, full pattern diffraction data analysis utilizing tens of diffraction peaks, including overlapped ones, by Rietveld texture analysis allows for texture analysis of materials when no separate peaks are available to measure individual pole figures.




2. Experimental Methods


2.1. U-10Mo Preparation


An U-10Mo alloy was prepared from depleted uranium (0.2–0.3 wt % fraction of [image: ]U atoms). The hot-rolled sheet with the rolling temperature of 650 [image: ]C was cold-rolled to a foil shape (0.33 mm thickness) with a reduction of 59% in the thickness direction. The foil was then annealed at 700 [image: ]C for 1 h followed by an oil quenching to room temperature. According to the phase diagram [23], the phase of the U-10Mo is a single phase of [image: ] around 550 [image: ]C and higher, while the coexisting [image: ]-U phase appears below 550 [image: ]C if kept for a sufficient time at the temperature. For example, the tip of the nose of the TTT curve for U-10Mo [1,24] is at 490 [image: ]C and 5 h, where the decomposition of [image: ] phase starts.




2.2. Plasma Spray Coating


A thin layer with a thickness between 23.8 and 34.0 [image: ]m was coated on both sides of the annealed U-10Mo foils using the plasma spray method with different coating temperatures, as described in the previous paper [15]. Samples were coupons with the size of 102 × 19 × 0.33 mm[image: ]. The plasma torch used was a model SG-100 from Praxair/TAFA (Concord, NH, USA). The Zr powder had a particle size of 5–50 [image: ]m and a purity of 99.2% and was purchased from ATI Specialty Alloys (Albany, OR, USA). He/Ar gas mix was flown around the sample to prevent oxidation. After 20 pre-heating torch passes for the purpose of surface cleaning, lasting for 60 s, a liquid phase Zr above its melting point of ∼1850 [image: ]C was ejected towards the substrate in 16 torch passes for 48 s. Once the melt hit the substrate surface, the substrate was heated while the Zr was cooled. The coating passes were followed by 10 post-coat heating torch passes for 30 s. The surface temperature was measured with an infrared (IR) camera [15]. Figure 1 and Table 1 show a surface temperature at the center of the coated face of foil 151014 and the average surface temperature of both surfaces for the last torch pass, i.e., the maximum temperature observed for a given coating, respectively. The sample temperature increased until the torch was turned off. Various objects in the camera’s field of view caused the variation in temperature in Figure 1, while the U-Mo foil was generally the hottest object in the field of view. The temperature was not uniform between the five samples since different coating conditions controlled by plasma current and He/Ar gas flow rate were applied to each sample [15]. An uncoated sample, i.e., an annealed sample, was also prepared for comparison in this study.


Figure 1. Infrared (IR) camera temperature data for sample 151014.



[image: Qubs 02 00012 g001]





Table 1. Sample number and maximum coating temperature.





	Sample #
	Average Surface Temperature ([image: ]C)





	151007
	590



	151008
	630



	151013
	725



	151014
	809



	151015
	757










2.3. Texture Measurement


Crystallographic textures of the Zr-coated U-10Mo foils as well as the uncoated U-10Mo were measured using time-of-flight neutron diffraction patterns obtained using the high-pressure preferred orientation time-of-flight diffractometer (HIPPO) [25,26] at the pulsed polychromatic spallation neutron source at the Los Alamos Neutron Science Center (LANSCE, Los Alamos, NM, USA) [27].The neutron diffraction method offers explicit advantages over X-ray diffraction in collecting the bulk information of both substrate (U-10Mo, ∼0.3 mm thickness) and thin coating (Zr, ∼30 [image: ]m thickness) at the same time in a non-destructive way, especially when analyzing heavy elements, such as uranium, since X-rays can only penetrate a few micro-meters into the sample. The neutron diffraction data obtained using HIPPO provides a wide variety of material information including crystallographic textures, phase fractions, lattice parameters, and microstrain.



The 45 detector panels are arranged on five rings around the incident beam direction with 40[image: ], 60[image: ], 90[image: ], 120[image: ], and 144[image: ] diffraction angles. Data for texture analysis were collected using a robotic sample changer [28] with three different sample orientations by rotating the samples around the vertical axis by 0[image: ], 67.5[image: ], and 90[image: ], and the data collection time was 2 h for each sample orientation owing to the comparably small sample volume. Samples were held with custom-made sheet sample holders, using set screws and felt to keep samples in the slit of an aluminum alloy rod mounted on standard HIPPO sample holders [28,29]. The neutron beam with a diameter of 10 mm was injected into the geometric center of the sample. The measurements at three different positions along the length of one foil (sample # 151008) resulted in equivalent data with each other and confirmed a homogeneous texture along the length of the sample. Although the sample volume where the neutron beam was diffracted was different among the three rotation angles due to the foil shape of the sample, texture analysis with the neutron method is fairly robust against this kind of systematic issue because a very large number of diffraction peaks is used to determine the ODF and the weak attenuation in a thin layer of depleted uranium. The 44 active detector panels of HIPPO and pulsed white neutron beams with a wide range of energy corresponding to the lattice spacing range between 0.6 and 3.0 Å allowed us to measure 1100 (hkl) diffraction peaks for [image: ]-U and 3784 peaks for [image: ]-Zr simultaneously.



Refinement of the measured diffraction patterns was performed by Rietveld [30] analysis using the materials analysis using diffraction (MAUD) software [31], applying methods described by Wenk et al. [29]. The best possible fit for the measured diffraction data was calculated from the adjusted texture, lattice parameters, phase scales, thermal motion parameters, background, instrumental profile parameters, etc. The ODF was reconstructed in MAUD using extended Williams–Imhof–Matthies–Vinel (E-WIMV) analysis [32,33].





3. Results and Discussion


3.1. [image: ]-U Texture


The Rietveld analysis of the neutron diffraction data revealed that the annealed U-10Mo foil used in this study showed a single phase of [image: ]. The lattice parameters of the plasma spray coated samples were 3.492–3.505 Å (standard deviation for the eight measurement results [image: ] = 0.010 Å) for a-axis of [image: ]-U. The parameters are sensitive to residual strain, part of which is derived from thermal contraction difference between the coating and the substrate [2]. The amount of thermal contraction depends on the coating temperature, so the variation of the lattice parameters is due to differences in the heating pattern in the coating process.



3.1.1. Texture of the Uncoated Sample


Figure 2a,b show the pole figures for [image: ]-U and the [image: ] ODF section of [image: ]-U phase, respectively, of Zr-coated samples and the uncoated reference sample. In the uncoated sample, both [image: ] fiber and [image: ] fiber [20] were developed, and the texture showed a maximum ODF intensity of no more than 2.4 multiples of random distribution (mrd). The texture with the [image: ] fiber and [image: ] fiber can be observed in both deformed bcc steels and recrystallized bcc steels [21,22]. In the case of steels, the cold rolling texture with reductions around 60% shows ODF intensities of more than 5.0 mrd, which is stronger than that of the recrystallization texture. Brown et al. [2] suggested that a U-10Mo sample which was cold-rolled with a 50% reduction and annealed at 650 [image: ]C also shows a recrystallization texture. Compared to the experiment in [2], manufacturing processes in this study consisted of a slightly higher cold rolling reduction and higher annealing temperature, which are more preferable conditions for recrystallization. Therefore, the U-10Mo used in this study is likely to undergo recrystallization during the annealing process before plasma spray coating.


Figure 2. Texture of uncoated and coated samples. (a) Pole figures for [image: ]-U, (b) [image: ] orientation distribution function (ODF) section showing [image: ]-U texture, and (c) pole figures for [image: ]-Zr. ND: sample normal; RD: rolling direction; TD: transverse direction.
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3.1.2. Texture of the Coated Samples


In contrast, some of the coated samples showed different ODF intensities in [image: ] fiber and [image: ] fiber. Figure 3 shows the effect of coating temperature on volume fraction of [image: ] fiber, [image: ] fiber, and Goss orientation with a tolerance of integration angle of 2.5[image: ]. It should be noted that the [image: ] fiber components shown in the other [image: ] sections were not counted. As the coating temperature increased, the [image: ] fiber and [image: ] fiber volume fractions showed a decreasing tendency until 725 [image: ]C, the temperature that the samples had experienced in the annealing process before coating, but a sudden decrease at 757 [image: ]C. At 757 [image: ]C, the Goss component occurred and increased its volume fraction to 0.125% at 809 [image: ]C.


Figure 3. Effect of coating temperature on volume fractions of [image: ] fiber, [image: ] fiber, and Goss.
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The metallurgical phenomena that lead to a texture change during a heat treatment can be categorized into phase transformations, grain growth, and recrystallization. Phase transformation textures can be excluded here as the only phase transformation relevant here would be the decomposition to [image: ]-U after prolonged holding at temperatures below 590 [image: ]C. This decomposition was not observed.



Recrystallization in general changes the texture drastically. Two kinds of recrystallization, namely primary and secondary recrystallization, are distinguished in the literature [34,35]. For primary recrystallization to occur, a certain amount of stored energy, which is a function of dislocation density, i.e., plastic deformation, is required. In the case of cold-rolled bcc steel, reduction of about 40% led to primary recrystallization [36], whereas small deformation, such as 3% temper rolling, was unlikely to cause primary recrystallization [37]. Since the material characterized here was annealed after the rolling reduction, it did not experience large plastic deformation just before the coating process. Therefore, primary recrystallization is not possible as a cause for the texture in the Zr-coated samples. On the other hand, the driving force of secondary recrystallization is grain boundary energy, which is typically much smaller than the stored energy that is the driving force of the primary recrystallization. Therefore, in general, the secondary recrystallization requires a much higher temperature or a longer dwell time than primary recrystallization. Furthermore, secondary recrystallization involves abnormally large grains, which could not be observed in the optical microscopy of this U-10Mo. Therefore, the secondary recrystallization was also not likely responsible for the drastic texture change of [image: ]-U during the plasma spray coating, suggesting that the last possibility of grains growth was responsible for it.



The preferential Goss texture evolution during grain growth has been reported in bcc steel, where a small amount of plastic deformation, such as 3% temper rolling [38], introduced in the material led to a strain-induced boundary migration [39,40] during the following annealing process. According to Murakami et al. [41], the Goss grains received less strain than the other grains during the plastic deformation, which would be a preferable condition for the Goss grains to grow consuming other grains such as [image: ] fiber grains [38]. The U-10Mo sample before plasma spray coating could receive a slight strain during the oil quenching in the annealing process because of an inhomogeneous temperature distribution in the sample. Assuming an oil temperature of 20 [image: ]C, the strain between surface and centerline at the annealing temperature of 700 [image: ]C can be estimated to be 1.0% by 680 [image: ]C × [image: ], where [image: ] (=1.49 × 10[image: ]/K) is the thermal expansion coefficient of U-10Mo, which is the averaged data of thermal expansion coefficients at 100, 200, 300, 400, 500, 600, and 700 [image: ]C [42]. A deformation of 1.0% is sufficiently large for the plastic deformation to be introduced in the U-10Mo. Therefore, the small plastic strain from the quenching can explain the growth of the Goss component during the coating process.



To investigate if the observed texture changes are indeed caused by grain growth, Figure 4 shows the optical micrographs of samples 151007 and 151014, which were coated at 590 [image: ]C and 809 [image: ]C, respectively. Both samples showed equiaxed grains, suggesting a recrystallized microstructure, in agreement with our texture analysis, and the grains were coarser near the coating surface than in the center. The average grain size at locations ∼15 [image: ]m from the surface was determined to be 35 [image: ]m ([image: ] = 12.8 [image: ]m) for sample 151007/590 [image: ]C and 51 [image: ]m ([image: ] = 17.3 [image: ]m) for sample 151014/809 [image: ]C, while that along the center-line was 33 [image: ]m ([image: ] = 15.4 [image: ]m) and 40 [image: ]m ([image: ] = 16.1 [image: ]m), respectively. Therefore, the average grain size in the center regions for the two samples from the lowest and highest coating conditions was the same within error bars. For the surface regions exposed to the plasma spraying, the average grain size for the lowest coating temperature also agreed with the grain size at the center line. Contrarily, for the grain size for the sample exposed to the maximum coating temperature an increase of 27.5% relative to the center line grain size was observed. This supports the fact that the grain growth occurred in the high-temperature coating process. Furthermore, Goss grains are reported to be more developed near the surface layer of the thickness in annealed bcc steel [43]. If this is the case with the U-10Mo, the coarse grains of [image: ]-uranium near the surface in the samples Zr-coated at the temperature above 725 [image: ]C would show the Goss orientations. A detailed local, rather than bulk, texture analysis using the scanning electron microscope-electron backscatter diffraction (SEM-EBSD) method will be reported in a forthcoming publication.


Figure 4. Optical micrographs of 2 Zr-coatedsamples: 151007 and 151014 coated at the lowest (T = 590 [image: ]C) and highest (T = 809 [image: ]C) temperature, respectively.
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3.2. [image: ]-Zr Texture


The Rietveld analysis revealed that all of the Zr layers showed a crystalline single phase of [image: ]-Zr. The lattice parameters of the plasma spray coated samples were 3.312–3.326 Å ([image: ] = 0.002 Å) and 5.275–5.298 Å ([image: ] = 0.003 Å) for a-axis and c-axis of [image: ]-Zr, respectively. As addressed in the previous study [15], the variation is due to different amounts of atomic inclusions, typically oxygen, in combination with residual strain from the constrained cooling on the substrate. Pole figures for [image: ]-Zr of plasma-sprayed samples are shown in Figure 2c. Like the [image: ]-U, the rolling direction of the substrate is in the 12 o’clock direction of the pole figure, the transverse to the rolling direction is the 9 o’clock direction, and the normal to the sample face is in the center of the pole figure. The scale is in multiples of a random distribution. A weak rolling direction (RD)//[image: ] texture component was developed in every sample. The ODF was analyzed for one sample with different sample orientations during the analysis so that the RD was moved from 12 o’clock to the center or to 9 o’clock of the pole figures, and the maxima observed in the (002) pole figures changed their location consistently with RD, thus proving that this comparably weak preferred orientation is in fact not an artefact.



The mechanism of the RD//[image: ] texture of the Zr coating is unlikely to be explained solely by solidification during the coating, which was performed under isotropic conditions along the in-plane direction. Conventional steel research has shown that a highly oriented texture to the normal direction can be developed after a casting [44] or high-temperature annealing [45], and the inclusions such as TiN or a lower surface energy of the steel might be responsible for the texture. However, the texture development to the rolling direction, as observed in the plasma coated Zr, has not been reported.



Since the coating for itself was unlikely to develop the RD//[image: ] texture of the [image: ]-Zr, the anisotropic texture of the substrate could influence the observed preferred orientation of the Zr coating. Specifically, the liquid Zr solidified as bcc [image: ]-Zr could be oriented with the [image: ]-U substrate following transformation to [image: ]-Zr following the Burgers orientation relationship [46]. In what follows, the Burgers orientation relationship ([image: ]//[image: ], [image: ]//[image: ]) was assumed to be satisfied between the [image: ]-Zr and [image: ]-Zr. This means that the [image: ]-Zr was assumed to show an RD//[image: ] texture.



It is widely acknowledged that a lattice matched interface exists between two neighboring grains with different crystallographic phases that satisfy a specific crystallographic orientation relationship. To investigate the possible crystallographic relationship between the [image: ]-Zr and the [image: ]-U, the lattice misfit values between lattices of coating ([image: ]-Zr) and substrate ([image: ]-U) in various specific orientation directions were calculated and summarized in Table 2. In the calculation, the [image: ] and [image: ] directions were only considered for the [image: ]-U since they were the dominant in-plane directions of samples 151007, 151008, and 151013 and samples 151014 and 151015, respectively. The lattice paramter at 1135 [image: ]C (just below the melting point of U-10Mo) of 3.630 Å was used for the a-axis of [image: ]-Zr, which was estimated using a lattice parameter at 850 [image: ]C [47] and a coefficient of thermal expansion of 9.7 × 10[image: ]/K [48]. This lattice parameter is close to the experimentally obtained lattice parameter of 3.627 Å for Zr-2.5Nb at 1050 [image: ]C [49]. Furthermore, the lattice parameter of the a-axis for the [image: ]-U at 1135 [image: ]C was estimated to be 3.538 Å using the room temperature lattice parameter and a coefficient of thermal expansion of 11.8 × 10[image: ]/K [2]. The misfit [image: ] in the direction of k at 1135 [image: ]C was calculated from the following equation.


Table 2. Lattice misfit between coating and substrate in percentages. See text for more details.





	
Direction of Substrate Orientation ([image: ]-U with bcc)

	

	
Direction of Coating ([image: ]-Zr with bcc)






	

	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]




	

	
0.5

	
105.2

	
190.2

	
255.4

	
402.7




	
[image: ]

	
1

	
2.6

	
45.1

	
77.7

	
151.3




	

	
2

	
48.7

	
27.4

	
11.1

	
25.7




	

	
3

	
65.8

	
51.6

	
40.8

	
16.2




	

	
0.5

	
45.1

	
105.2

	
151.3

	
255.4




	
[image: ]

	
1

	
27.4

	
2.6

	
25.7

	
77.7




	

	
2

	
63.7

	
48.7

	
37.2

	
11.1




	

	
3

	
75.8

	
65.8

	
58.1

	
40.8











[image: ]



(1)





Here, [image: ] and [image: ] are the minimum lattice distances in the direction of k of [image: ]-Zr and [image: ]-U, respectively. The natural numbers m and n were chosen so that n/m is equal to 0.5, 1, 2, or 3. Both n/m equal to 1 and [image: ] equal to 0 are satisfied when the two lattices show a perfect one-to-one correspondence.



It turned out that the textures developed in the coating and substrate, i.e., the RD//[image: ] texture of [image: ]-Zr and the RD//[image: ] texture of [image: ]-U, produced a low lattice misfit of 2.6% in the RD compared to the misfit of 3.9% observed in the epitaxially grown TiN on an SUS304 stainless steel, which was coated by an ion plating HCD method [50]. As reported in the previous study [51], the crystal orientation could be determined so as to lower the misfit and the lattice distortion energy during an epitaxial growth. Therefore, it is suggested that the Zr grew epitaxially on the U-10Mo substrate.



To investigate the possibility of an epitaxial growth of the Zr on the substrate after the Goss texture with RD//[image: ] developed in the U-10Mo during plasma coating, the misfit between the [image: ] of the [image: ]-Zr and [image: ] of the [image: ]-U was investigated. The minimum misfit turned out to be comparably large (27.4%), suggesting that the Zr crystal was not able to grow epitaxially from the [image: ]-oriented U. Therefore, the [image: ]-Zr coating would start to grow epitaxially from the RD//[image: ] oriented [image: ]-U in the early stage of coating at the relatively low temperature of the substrate. Once the [image: ]-Zr texture was developed in the interface to the [image: ]-U, the following accumulating coating remained the same texture because of the epitaxial growth. During this accumulating stage, the substrate temperature increased and the further grain growth of the [image: ]-U occurred in some conditions with higher coating temperature, resulting in the texture change of the substrate. On the other hand, the [image: ]-Zr transformed to the [image: ]-Zr in its cooling process, resulting in the RD//[image: ] texture due to the Burgers orientation relationship.





4. Conclusions


In this work, we investigated the texture evolution in U-10Mo nuclear fuel foils during plasma spray coating with Zr using a time-of-flight neutron diffraction method. The [image: ]-U of U-10Mo before plasma spray coating showed a weak [image: ] fiber and [image: ] fiber texture with a maximum ODF intensity of 2.4 in the [image: ] ODF section. These fiber components decreased after the plasma spray coating with increasing maximum temperature during the coating, and a Goss texture developed with coating temperatures above 725 [image: ]C. The [image: ]-Zr in every coated U-10Mo sample showed an RD//[image: ] texture. This preferential [image: ]-Zr texture developed possibly due to the following: (i) Zr was crystallized on the U-10Mo substrate in a [image: ] phase, satisfying the lattice matching between [image: ] of [image: ]-Zr and [image: ] of [image: ]-U; (ii) during cooling of the coating, the [image: ]-Zr transformed to the [image: ]-Zr with satisfying the Burgers orientation relationship, resulting in the RD//[image: ] texture.
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